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Foreword 


After studying, researching, teaching, and working as 
a forensic scientist for nearly forty years, I have come 
to believe that the credo for every forensic scientist 
should be: 


To labor to seek out the truth, the whole truth, and noth- 
ing but the truth, to the best that is humanly possible, 


1x 


using accepted scientific principle and practice, and to 
report and testify to that truth, freely and honestly, to all 
concerned parties, without any human bias or influence 
from any monetary, personal, career, or societal gain, 
or pressure from any person, individual, group, agency, 
institution, organization, or corporate, social, political, 
governmental, or religious interests or agendas. 


Nicholas Petraco, Criminalist, D-ABC 
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Introduction 


When an item like a tool comes into contact with a soft 
surface, it imparts a negative image or imprint onto that 
softer surface. The resulting imprint may depict any or 
all of the tool’s physical structure, i.e., class characteris- 
tics, wear patterns, damage patterns, and microscopic 
striations. The same phenomenon occurs when an item 
of footwear or a tire or any object comes into contact 
with a soft surface. Collectively, this type of physical evi- 
dence is classified as impression evidence. Forensic sci- 
entists routinely encounter various forms of impression 
evidence at scenes of crime. Impression evidence and its 
analysis can be very important to an investigation. 

Most forms of impression evidence can be consid- 
ered in a general sense as either two- or three-dimen- 
sional marks. The majority of these marks or impressions 
fit into one of several primary categories: 


¢ Plastic fingerprints 

¢ Latent or patent prints 

e Textile impressions 

e Imprints made by footwear 

e Imprints made by tires 

e Bite marks 

e Obliteration of stamped numbers 

e Marks made by firearm mechanisms 
e Marks made by power tools 

e Marks made by hand tools 

¢ Outlines made by puncturing tools 


This work will be primarily concerned with the lat- 
ter two categories. The results of this effort may also be 
applicable to other categories of impression evidence, 
e.g., firearms. 

A toolis defined in Webster’s Encyclopedic Unabridged 
Dictionary of the English Language as “an implement, 
esp. one held in the hand, for performing or facilitat- 
ing mechanical operation, as a hammer, saw, file, etc. 
Synonyms: 1. Tool, implement, instruments, utensil refer 
to contrivances for doing work.”! 

In practice, a tool can be any device, appliance, 
apparatus, utensil, instrument, or machine designed 
to perform or do, by either manual or powered means, 
mechanical work. 

When tools are used or misused, they often leave 
marks or holes on or in the surfaces to which they are 


applied. These marks can manifest as any manner of cut, 
pinch, snip, score, notch, gash, hack, slash, nick, impres- 
sion, depression, indentation, dent, hole, serration, dim- 
ple, hollow, bump, burrow, tunnel, punch, puncture, 
bend, or striations (fine scratches, grooves, or channel). 
Collectively, these marks are known as toolmarks. 

Toolmarks are normally subdivided into a variety 
of classifications depending on the class characteristics 
they exhibit. In its simplest form, a class characteristic 
is a mark or configuration of marks that is attributable 
to a particular type or class of tool or device based on 
its apparent shape, outline, or silhouette. In situations 
where a series of class characteristics mimics a tool’s 
working surface morphology, the author prefers to use 
the term class characteristic pattern in place of class 
characteristics. The reason for this preference in termi- 
nology is that rarely does a single mark, caused by one 
class characteristic, enable an examiner to determine a 
tool’s class. Rather, a pattern or configuration of marks 
allows an examiner to determine the type or class of tool 
that made the questioned mark. Figures 1 to 5 help to 
demonstrate this concept. 

Class characteristics are the result of deliberate 
design features, intentionally imparted to a tool during 
the manufacturing process. All the individual tools being 
manufactured during a given run will have the same class 
characteristics. Primarily, these class features include the 
same component parts, the shape and size of the tool, and 
its overall morphology. However, they will also include 
the striations, flaws, and imperfections peculiar to the 
tools and dies used in the tool’s manufacturing process. 
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Slot screwdriver marks 
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Figure 1 The impressions present in the wood suggest a 
Y%-inch slot-bladed screwdriver with parallel lines was uti- 
lized in this case. 


XV 


Xvi 


Picked Lock Pin 


Figure 2 Pick marks on a tumbler pin removed from a lock 
cylinder. These marks suggest professional lock picks were 
used and not some makeshift device such as a paper clip. 


Figure 3 The dent containing well-defined and spaced 
parallel lines suggests that large channel-lock pliers or a 
vise grip was used to produce this mark. 
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Figure 4 The morphology of the cut marks present on the 
end of the lock’s shackle indicates that a shearing type bolt 
cutter was used to cut the shackle. 


Figure 5 The pattern or overall morphology (class char- 
acteristic pattern) of the puncture marks on this can’s 
top instantly tells one that a beer can type can opener is 
responsible for the holes. 


These idiosyncrasies are often termed subclass char- 
acteristics. These features will only be found on the tools 
they produced during a particular manufacturing run 
and, as such, can be quite useful in establishing the 
common origin of a questioned toolmark. 

Class characteristics are subdivided into a variety 
of genera: 
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e Impression or compression marks 

e Dents 

e Saw marks 

e Drill marks and holes 

e Punctures 

¢ Point-to-point blade cut marks 

¢ Shearing blade cut marks and fatigue marks 
e Grip marks 

e Scrapes, scratch, or scour marks 


Striations are generally defined as minute, micro- 
scopic size, parallel grooves, scratches, or channels made 
by a tool. Striations can be further subdivided into sev- 
eral groups: 


¢ Striations imparted to a tool during the forging 
process caused by the hammer or dies 

e Striations imparted to a tool during the lathe or 
mill cutting process 

¢ Striations imparted toa tool during the finishing 
process by grinding or trimming off of flashing 

¢ Striations imparted to a tool during its use 


The latter three types of striations are the portion of 
a toolmark that enables the individualization of a spe- 
cific known tool to a particular questioned toolmark. 
The former are typically striation marks incorporated as 
part of the class characteristics imparted to the tool by 
the tools, dies, or molds used during the manufacturing 
process. The reason for this differentiation is that many, 
if not all, of the tools produced during a given manufac- 
turing run will have the same tool, mold, or die stria- 
tions and marks (striations and defect marks (subclass 
characteristics) present on the tools, dies, and molds 
used to manufacture them), while a tool will develop its 
own unique striations, wear features, and damage dur- 
ing its use. It is also important to point out that some of 
a tool’s class and subclass features and striations change 
with use, thereby making them even more useful for 
individualization purposes. 

As you can see, although toolmarks come in many 
forms, forensic scientists usually classify toolmarks into 
two primary categories: impressions and striations, or 
a combination of both types. Another often overlooked 
category, punctures, can be added to this list. Punctures 
typically appear in the form of an outline of a tool. Like 
impressions, puncture toolmarks can also have stria- 
tions associated with them. 

Additional features, such as wear or damage pat- 
terns imparted to the working surface of a tool during 
normal use or misuse, can often be incorporated into 
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the marks left by a tool. Thus, wear or damage patterns 
can be added to the list of features useful in determining 
whether a suspected tool is responsible for a questioned 
toolmark. 

Thus, a list of the primary categories of toolmarks 
is as follows: 


e Class characteristic 

e Class characteristic patterns or outlines 
e Wear or damage patterns 

Striation patterns 


All of these categories are of equal importance in the 
examination, identification, comparison, and evalua- 
tion of questioned and known toolmarks. 

For over a century, toolmark examiners have uti- 
lized these four aspects of toolmark morphology in the 
identification, comparison, and individualization of 
questioned toolmark evidence. The reasoning behind 
the use of these features is the belief that “no two tools 
can leave toolmarks that are alike.”? 

In the wake of Daubert, the lack of a nonbiased, sci- 
entific, statistical proof that independently corroborates 
conclusions based on morphology characteristics has 
plagued the forensic firearms and toolmark community. 
As a result of Daubert challenges, the forensic toolmark 
community initiated numerous studies, most of which 
still depend exclusively on morphological characteris- 
tics, and lack scientifically sound, independent statistical 
proof. Although admirable attempts, recent studies have 
failed to provided satisfactory, scientifically sound sta- 
tistical proof, based on well-accepted statistical methods 
that independently corroborate their conclusions based 
on morphology.?-? 

Consequently, unlike other forms of forensic evi- 
dence, i.e., DNA analysis, toolmark examinations and 
comparisons still remain more of an art than a science. 

In order to facilitate a resolution to this unsustain- 
able situation, this work is being undertaken to help 
move toolmark examination from an art to a science. 
This text will be in two parts: Part I will have blended 
within its pages an anthology of tried-and-true meth- 
ods, procedures, and traditional techniques used by the 
practitioners of this discipline for more than a century. 
In addition, infused throughout this section will be some 
contemporary thoughts, rationales, ideas, and method- 
ologies for use during casework, the use of new materials 
and techniques for preparation of known standards, and 
the application of various methods of statistical proof 
to further establish toolmark examination as a sound 
scientific endeavor. Part II will contain a compilation of 
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commonly used hand tools and the marks they typically 
produce. 
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Toolmark Examination 


Basic Geometric Optics 
for Toolmark Examiners 


Before one can discuss the use of lenses and microscopes 
to form images of toolmarks on wood, metal, and other 
materials and surfaces, one must have at least a rudi- 
mentary understanding of the nature of light and how it 
interacts with matter. The Merriam-Webster Dictionary 
defines light simply as “something that makes vision pos- 
sible.”! This definition implies that light must be present 
for vision to take place. In other words, if there is no 
light, there is no vision. This simple statement is easily 
tested. Go outside on a dark, winter, moonless night, in 
an area where there is no artificial light, and place one 
of your hands directly in front of your face. You might 
sense your hand in front of you, but I guarantee you will 
not see it. Why? No visible light is being reflected from 
your hand onto the retinas of your eyes. 

What is light? Light is electromagnetic radiation of 
any wavelength. Visible light is that part of the electro- 
magnetic radiation spectrum given off by stars that is 
detectable by the eye. What is electromagnetic radiation? 
Electromagnetic radiation is the spectrum of energy 
given off by active stars. Electromagnetic radiation con- 
sists of a series of electromagnetic waves that travel at 


’ 
_ Electromagnetic radiation spectrum 


Wave propagation 


Figure 1.1 The electromagnetic radiation spectrum 
(EMRS) is emitted by the chromosphere of the sun. The 
visible light portion of the EMRS is of primary importance 
in the study of geometric optics. The visible spectrum that 
the human eye typically responds to is 700 to 400 nm, 
while its maximum sensitivity is normally 550 nm, or 
green light. Visible light is composed of all the colors of 
the rainbow, in spite of its composition; humans see visible 
light as white light. 


the speed of light, 3.0 x 10'° cm/s, and have both elec- 
tric and magnetic fields associated with them. Largely, 
our sun, a star, is a glowing mass of hydrogen plasma at 
temperatures greater than 6,000°C. At these severe tem- 
peratures, hydrogen plasma fuses to form helium nuclei 
in a process known as nuclear fusion. This process is the 
source of all radiant energy given off by our sun (a small 
star) and is the primary source of the electromagnetic 
radiation that is sent vibrating in all directions from the 
sun’s surface. A portion of that radiation travels 93 mil- 
lion miles to reach the earth’s surface. That part of the 
sun’s electromagnetic radiation spectrum that can stim- 
ulate the retina of the human eye is visible light. Modern 
physics affirms that light has a dual nature. Light some- 
times behaves as if it is a wave and at other times as if it 
is a particle. The theories that establish the dual nature 
of light are out of the scope of this text. In this work, we 
will treat light as if it behaves as a wave. 

Energy can transfer from one point to another by two 
methods. One method involves the movement of matter 
to transport energy; the other method involves the move- 
ment of waves to transport energy. An example of the for- 
mer method is a hammer used to drive a nail into wood. 
An example of the latter is light moving through space, 
a vacuum, void of matter. Figure 1.1 depicts the electro- 
magnetic radiation produced and emitted by our sun. 

There are two basic types of waves: transverse waves 
that require no matter or material to transporttheir energy, 
and mechanical waves that require matter to transfer their 
energy. Electromagnetic waves are transverse waves; they 
travel from the sun through space, which is void of mat- 
ter (see Figure 1.1). Figure 1.2 shows the transfer of energy 
through water by longitudinal wave motion. 


Rock’s energy travels through water ——p»~ 


Falling rock 


Rock’s 
energy | 


Figure 1.2 A cross section of the transfer of energy from 
a falling rock by the displacement of matter in a medium 
(water) by a longitudinal wave. The energy actually travels 
in a circular motion in all directions away from the rock. 


Wave Characteristics and Nomenclature 


All types of waves have universal characteristics, and 
therefore follow the same general rules. 

In geometric optics, we are only concerned with the 
transverse waves in the form of light. The linear distance 
between two equivalent points on successive waves is 
termed a wavelength, which is designated lambda (A). 
The highest portion of a wave is known as the crest, 
while the lowest portion of a wave is called the trough. 
The maximum displacement of a wave is known as its 
amplitude. The frequency (f) of a wave is the number of 
wavelengths that travel a given linear distance per unit 
of time. Frequency is measured in hertz (Hz). One hertz 
is equal to one wave per second. If one knows the fre- 
quency and wavelength of a wave, the velocity (v) of that 
wave can be precisely determined (see Equation 1.1). 
Wave characteristics and nomenclature are shown in 
Figure 1.3. 

v=fAr (1.1) 

The quantity of energy a wave contains is relative 
to its displacement from its rest position and is charac- 
terized by its amplitude. Two waves traveling in phase 
in the same medium can interact with one another. 


Wave Nomenclature 


From origin (O) to point a 
passage of time 1 second 
frequency of this wave is 2 Hz 


Magnetic 
Vector 


propagagion 
Wave front 


sf 
Trough 


Figure 1.3 A series of two electromagnetic waves. Electro- 
magnetic waves have both electric and magnetic compo- 
nents. In geometric optics we are concerned primarily with 
the electric properties. 
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This phenomenon is termed interference. Interference 
can be constructive (additive), which results in the 
final wave’s amplitude increasing in size, or destructive 
(subtractive), which results in the final wave’s ampli- 
tude decreasing in size. Figure 1.4 illustrates aspects of 
wave interference. 

As a wave travels through the same medium, its 
speed remains constant and is solely dependent on the 
properties of that medium. When waves travel from 
one medium into another medium, e.g., from air into 
glass, their speed changes. If the wave passes from a 
less optically dense medium into a more optically dense 
medium, the wave will slow down. Conversely, if the 
wave passes from a more optically dense medium into 
a less optically dense medium, the wave will speed up. 
Figure 1.5 demonstrates what happens when a series of 
electromagnetic waves traveling in air enters a trans- 
parent block of glass at 90 degrees incident to the sur- 
face of the glass block. 


Wave Interference 


Amplitudes add 


Waves in phase 


Constructive 


Waves out of phase 


Amplitudes substract 


Destructive 


Figure 1.4 The interference of waves traveling in the same 
phase (in the same plane) in a medium can be either con- 
structive or destructive. In constructive interference, their 
energy displacement from the rest position (amplitude) is 
additive and results in a larger amplitude; in destructive 
interference, their energy displacement from the rest posi- 
tion is subtractive and results in a smaller amplitude. In 
the case of the central waves there is no resulting wave 
because the two interfering waves nullify each other. 
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When waves traveling through a medium approach 
a reflective object’s outer surface, they are reflected 
from that surface at the same angle they approached the 
object. This is in accordance with the law of reflection: 
the angle of incidence is equal to the angle of reflection. 
The angles of incidence and reflection are both mea- 
sured from a normal line (perpendicular) drawn to the 
object’s surface at the site of incidence. 


Snell’s Law 


Light rays emitted from the sun or other primary sources 
are normally diffuse, and thus travel in all directions. If 
incident light rays are reflected froma surface, the reflected 
rays of light become polarized. Polarized light waves differ 
from diffused light in that they vibrate in only one direc- 
tion or plane (see Figures 1.6, 1.7). When waves of light 
approach the interface of two different transparent media 
at an acute angle, their direction will change. Some of the 
diffused incident light will be reflected, while some of the 
diffused light will be refracted. Both the reflected and 


Air 
Light waves 


Slows down Resumes original 


speed 


Speed of light 


Figure 1.5 Light waves slow down as they travel from air 
into an optically denser, transparent medium at 90 degrees. 
Conversely, light waves speed up as they reenter the less 
optically dense medium. 


Diffused natural sunlight 


Polarizing filter 


Diffused light waves vibrate in all 


directions Polarized light 


Figure 1.6 Diffused light from the sun or an incandescent 
light bulb vibrates in all directions, while polarized light 
vibrates in only one plane or preferred direction. 


refracted light waves are polarized, and vibrate in oppo- 
site planes. Figure 1.7 depicts what takes place when light 
waves are incident upon a more optically dense, transpar- 
ent surface, at an angle other than 90 degrees. 

When waves of light travel from medium a into 
medium b, more optically dense light rays are refracted 
toward the normal. Snell’s law states that a ray of light 
bends in such a way that the ratio of the sine of the angle 
of incidence (i) to the sine of the angle of refraction (r) is 
a constant. For a light ray traveling from medium a into 
any medium J, this constant, the ratio between the sines 
of both angles, is called the index of refraction (n) (see 
Equation 1.2). In this equation, iis the angle of incidence, 
r is the angle of refraction, n, is the refractive index for 
medium a, and n, is the refractive index of medium b. 


n, sini=n,sinr (1.2) 


lass 


LL 


Figure 1.7 Snell’s law states that a ray of light bends in 
such a way that the ratio of the sine of the angle of inci- 
dence (i) to the sine of the angle of refraction (r) is a con- 
stant. Illustrated is what occurs when diffused light waves 
are incident on a transparent surface at an angle other 
than 90 degrees to the incident surface. The reflected and 
refracted light waves are both polarized and vibrate per- 
pendicular to each other. The angle of reflection (1) is equal 
to the angle of refraction.The reflected light vibrates in a 
plane perpendicular to that of the page you are reading, 
while the refracted light, also polarized, is vibrating in the 
plane of the paper. 


Dispersion of Light 
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Lenses 


When rays of light from the sun or an artificial white 
light source fall on the surface of a glass prism, the light 
is refracted and is thereby dispersed into its component 
colors. All electromagnetic waves travel through space at 
the speed of light, 3.0 x 10!° cm/s. However, in all other 
media, these waves travel more slowly, and waves of dif- 
ferent frequencies travel at somewhat different speeds. 
As a result, the index of refraction is a little different 
for each wavelength comprising white light. Therefore, 
when white light falls on a prism, the waves of each color 
bend, or refract, by different amounts and the light dis- 
perses, or separates, into its component wavelengths (see 
Figure 1.8).?-7 

The arrangement of the different colors that emerge 
from a glass prism is called a spectrum. Spectra of white 
light are normally seen after a rainstorm in the form of 
a rainbow. This natural phenomenon occurs when sun- 
beams of white light are refracted by a large number of 
tiny rain droplets (see Figure 1.9). Now that the reader 
has some basic knowledge of the properties and behav- 
ior of light, we can discuss some practical uses for its 
reflective mirrors and refractive behavior. 

Look into a mirror; what do you see? You should see 
an image of yourself in the mirror. The mirror image is 
the reversal of the subject from left to right. Figure 1.10 
illustrates a mirror image of a photographic folder. 


Glass prism 


Dispersion 


750 nm 


550 
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Figure 1.8 Depicted above is the dispersion of the vis- 
ible or white light portion of the EMRS into its compo- 
nent colors or wavelengths. The scientific name for white 
light is polychromatic light, or light of many (poly) colors 
(chromatic). 


Lenses are a necessary part of eyeglasses, telescopes, 
cameras, and microscopes. Lenses are typically made 
from glass; however, they can be constructed from plas- 
tic as well as minerals such as fluorite. There are two 
main types of lenses: converging and diverging. 

A converging lens can be thought of as two tri- 
angular-shaped prisms stacked on their bases, one on 
top of the other, as demonstrated in Figure 1.11. If one 
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Rain droplet 


Figure 1.9 Rainbows form when white light from the sun 
is dispersed into its spectral components by refraction and 
reflection by large numbers of minute water droplets. 


photo 


Figure 1.10 A red photograph holder. The front view of 
the folder is marked A; the back of the folder, B, contains 
the same information as A; and C is the mirror image of B. 
Note that the mirror image is a reversal of B and is set back 
into the mirror. This image is known as a virtual image 
because it appears to be behind the mirror. Virtual images 
cannot be shone upon a screen. 
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cements their bases together and rounds off their thick 
central edges by grinding, a converging, or convex, lens 
is formed. 

A converging lens causes light waves from infinity 
to refract and come together to a sharp focus at a point 
some distance from the lens’ optic axis. This point is the 
focal point, while the distance from the lens’ optic axis 
to its focal point is the focal length. The principal axis 
of any lens is a line drawn perpendicular to the plane 


Figure 1.11 Two triangular-shaped glass prisms stacked 
on their bases, prism 1 on top of prism 2. If one cements 
their bases together and rounds off their thick central edges 
by grinding, a converging lens is formed. 


Optic axis 


Converging lenses refract light 
waves causing them to come to a focus 


Principal axis 


Convex Lens 


Figure 1.12 A converging lens causes light waves from 
infinity to refract and come together to a sharp focus along 
the lens’ principal axis. Converging lenses are known as 
convex lenses. The focal point is designated (f,) and the 
focal length is designated (f,). 


of the lens through its midpoint. A lens’ optic axis is a 
line drawn from top to bottom through its midpoint (see 
Figure 1.12). 

The second type of lens, called diverging, causes 
light waves from infinity to refract and diverge apart 
(see Figure 1.13). Diverging lenses are normally termed 
concave lenses. All images formed by concave lenses are 
virtual and erect, as demonstrated in Figure 1.14. 

Examples of the six standard shapes of lenses are 
shown in Figure 1.15. The behavior of a simple lens can 
be expressed by Equation 1.3, often called the lens mak- 
er’s formula. In this equation, fl is the focal length, p is 
the object distance from the lens’ principal axis, and q is 
the image distance from the lens’ principal axis: 


Diverging lenses refract light 
waves causing them to spread apart 
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Figure 1.13 Diverging lenses cause light waves from 
infinity to refract and diverge apart. Concave is the com- 
mon name for diverging lenses. 
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Figure 1.14 The formation of an image of a hammer by 
a concave lens. Note the image is erect and virtual (not 
focusable on a screen). 


1 11 
+— 


= 1.3 
fl pq 

A significant location along the principal axis of a 
lens is twice its focal length. In Figure 1.16 an object 
is placed at a distance greater than two focal lengths 
along the lens’ principal axis; in this position, the 
image that is formed is inverted, real, and reduced in 
size. Four common image formations with converg- 
ing lenses showing the object-to-image relationships 
are depicted in Figures 1.17 and 1.18. In Figure 1.17, 
at the top, the object is placed in between the first and 
second focal length positions, along the lens’ principal 
axis. This setup produces an image of the object that 
is real, inverted, and enlarged in size. At the bottom, 
the object is placed at the second focal length position, 
along the lens’ principal axis. This setup produces an 
image of the object that is real, inverted, and the same 
size as the object. In Figure 1.18, at the top, the object 
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Figure 1.15 The six standard shapes of lenses used in the 
making of a variety of optical devices such as eyeglasses, 
cameras, telescopes, and microscopes. From left to right: 
double convex, plano convex, positive meniscus (thicker in 
the center, thinner at the ends}, double concave, plano con- 
cave, and negative meniscus (thinner in the center, thicker 
at the ends). 
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Figure 1.16 An object is placed at a distance greater than 
two focal lengths away from the lens along its principal 
axis. In this position, the image that is formed is inverted, 
real, and reduced in size. 


Color Atlas of Forensic Toolmark Identification 


is placed at the first focal length position, along the 
lens’ principal axis. This setup produces no image. 
At the bottom, the object is placed between the lens 
and first focal length position producing a virtual and 
erect image. 

Several problems arise when one is imaging objects 
using white (polychromatic) light and curved lenses. 
Image distortion, such as coma, pincushion, and bar- 
rel, is but one of the minor problems that have plagued 
lens makers. However, the major distortion problems 
that arise are chromatic aberration and spherical aber- 
ration. As discussed earlier, when white light travels 
through a glass lens, each wavelength composing the 
light is refracted at a slightly different angle, and is dis- 
persed into its various colors. Thus, if white light from 
an object passes through a glass lens, it will form a fuzzy 
image of the object that will be surrounded by colored 
halos. White light entering a lens is dispersed or bro- 
ken up into spectral colors, from red to violet. The short 
wavelengths, ie., violet and blue, are refracted more 
than the longer wavelengths, i.e., red and orange. Thus, 
each color has a different focus. Consequently, the image 
of the object will have color fringes. This phenomenon, 
known as chromatic aberration, can be corrected by 


Image Formation 
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Figure 1.17 Two of the common single lens object-to- 
image situations are depicted above. On the top, the object 
is placed in between the first and second focal length posi- 
tions along the lens’ principal axis. This setup produces an 
image of the object that is real, inverted, and enlarged in 
size. On the bottom, the object is placed at the second focal 
length position, along the lens’ principal axis. This setup 
produces an image of the object that is real, inverted, and 
the same size as the object. 
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combining different lenses that will cancel this effect. 
Typically, in a doublet composed of a converging lens 
made from crown glass and a diverging lens made from 
flint glass, the lenses are cemented together to form an 
achromatic lens system. Figures 1.19 to 1.22 demon- 
strate the problem and how lenses are used to eliminate 
chromatic aberration. 

Spherical aberration is the next major lens distor- 
tion. The light rays entering a lens at its outer edges are 
refracted more than the rays entering the lens near its 
center. Thus, the resulting image of the object will be 
fuzzy, and slightly out of focus (see Figure 1.23). This 
problem can be reduced and a sharp image can be 
attained with a simple lens by placing a diaphragm along 
the lens’ principal axis so that only the central rays form 
the image. Figure 1.24 illustrates how spherical aberra- 
tion is corrected by placing a diaphragm between the 
object and the lens forming the image. 

Common geometric distortions are aberrations 
commonly seen in stereomicroscopy. These distortions 
are observed as changes in shape of an image. Figure 1.25 
shows two common types of geometric distortions: pin- 
cushion and barrel. 

The lens in the human eye forms images in much the 
same manner as aconvexlens. Many of the problems with 
lens distortions can also be compensated for by adding 
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Figure 1.18 Two of the common single lens object-to- 
image situations. At the top, the object is placed at the 
first focal length position, along the lens’ principal axis; 
this setup produces no image. At the bottom, the object is 
placed between the lens and the first focal length position, 
along the lens’ principal axis; this setup produces an image 
of the object that is virtual, erect, and enlarged. 


White light 


Primary colors 


Figure 1.19 White light is depicted with its primary col- 
ors. Note that there are a different number of wavelengths 
for each primary color for the passage of 1 second of time. 
Thus, the frequency of each primary color is different. 
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Figure 1.20 As white light travels from air through glass 
blocks with different refractive indices, it changes speed. 


Figure 1.21 White light entering a lens is dispersed or 
broken up into its spectral colors, from red to violet. The 
short wavelengths, i.e., violet and blue, are refracted more 
than the longer wavelengths, i.e., red and orange. Thus, 
each color has a different focus. Consequently, the image 
of the object will have color fringes. 
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various lenses to correct for the existing distortion(s). 
Figure 1.26 shows how the human eye forms an image. 
The image projected onto the retina is sent to the brain 
via the optic nerve. The process of image formation by 
the human brain is still not fully understood. 

When light rays approach a convex lens parallel 
to its principal axis they interact with the tiny space 
between the minute structures composing matter. The 
phenomenon is known as diffraction. Diffraction is 
the bending of waves around a physical barrier placed 
directly in their path. A diffraction pattern is formed 
when a grating, composed of a transparent film that 
has closely spaced, fine lines drawn on its surface, 
is placed in the path of a beam of light. Figure 1.27 
depicts the interaction of a laser beam with a line grat- 
ing. Diffraction is important to study in this context 


Achromatic Lens 


Crown glass Flint glass 


Figure 1.22 A doublet composed of a double convex lens 
made from crown glass and a double concave lens made 
from flint glass; the lenses are cemented together to form 
an achromatic lens system to correct the condition for the 
red and blue wavelengths of light. 


Figure 1.23 The light rays entering a lens at its outer 
edges are refracted more than the rays entering the lens 
near its center, thus forming a fuzzy image of the object. 
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Figure 1.24 Spherical aberration is corrected for a single 
lens by placing a diaphragm between the object and the 
lens forming the image. 


Normal Pincushion Barrel 


Figure 1.25 Common geometric distortions often observed 
in less expensive macroscopic lens systems. 
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Figure 1.26 A cross section of the human eye showing 
how an image is formed on the retina. 
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Figure 1.27 Diffraction of monochromatic laser light as 
it interferes with the grooves of a diffraction grating. Prof. 
Ernst Abbey showed that this phenomenon is responsible 
for the formation of an image by the microscope. 


because it has been proven that the interference of 
diffracted and undiffracted light rays from the speci- 
men forms the image produced by the compound light 
microscope. 
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Basic Microscopy tor Toolmark Examiners 


The microscope is the most important scientific tool 
available to a forensic toolmark examiner. Without it, 
the study, examination, identification, individualiza- 
tion, and comparison of questioned toolmarks recov- 
ered from crime scenes would not be possible. 

The simplest microscope is a hand magnifier that 
consists of either one lens or two to three lenses cemented 
together. Simple microscopes produce magnified images 
on the order of two to twenty times a specimen’s actual size. 
They provide their user a macroscopic view of the study 
specimen, thus enabling the viewer to see minute detail 
not achievable with the unaided eye (see Figure 2.1). 

Compound microscopes are different from simple 
microscopes in that their images are formed by two lens 
systems, the objective lens and the ocular, or eyepiece. 
The stereomicroscope and the comparison microscope 
are the two types of compound microscopes most often 
used by toolmark examiners. Although the theory and 
nomenclature discussed herein apply to any type of com- 
pound microscope, this work will concentrate on the 
stereomicroscope and the comparison microscope.*-” 

In its simplest sense, a compound microscope is 
an amalgamation of two lens systems and a source of 
illumination. The first lens, known as the objective lens, 
forms the primary image of the specimen. The ocular 
then magnifies the primary image and projects it to the 
eye-point (or Ramsden circle), which is the area above 
the field lens of the ocular at which the pupil is posi- 
tioned. Figure 2.2 is a simple diagram of a rudimentary 


Image: 
Virtual & Erect 


Figure 2.1 The object (lock) is within the focal point 
(fp) of a simple magnifier, and the eye is close to the lens. 
Under these conditions, a virtual, erect image is perceived 
at 25cm (10 inches) away for the eye. 


compound microscope used by toolmark examiners. In 
Figure 2.2 a source of illumination is directed toward the 
specimen at an oblique angle. The light interferes with 
the specimen. The specimen, a metallic surface, reflects 
the light toward the objective lens, which collects the 
light and forms a primary image of the specimen. The 
primary image is then magnified by the ocular or eye- 
piece and presented to the eye-point, or Ramsden circle. 
There are two types of compound microscopes used by 
toolmark examiners in their daily work: the stereomi- 
croscope and the comparison microscope. The parts and 
adjustments of each type, as well as important aspects of 
image formation, are presented in this chapter. 
Compound microscopes are all composed of the 
same basic elements. To begin with, an optical bench 
in the form of a stand with a pillar or arm and steady- 
ing base is necessary to hold all the microscope’s com- 
ponents. Normally the pillar is attached directly to a 
sturdy base, which allows for vibration-free operation 


Plain Stereo Stand 
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Figure 2.2 Example of a typical stereomicroscope base and 
pillar configuration. 
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of the imaging system. Built into or attached to the pil- 
lar is usually a rack and pinion focusing mechanism 
that allows for the coarse and fine adjustment to focus 
the final image. In general, with stereomicroscopes the 
objective and body tube are moved during the focusing 
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Figure 2.3 Rudimentary compound microscope diagram 
showing the stage, specimen, objective and ocular arrange- 
ment typically used in toolmark examination. A daylight 
source of reflective light is directed towards the specimen 
at an oblique angle. The light interferes with the specimen. 
The specimen, a metallic surface, reflects the light to the 
objective lens, which collects the light, and forms a pri- 
mary image of the specimen. The primary image is than 
magnified by the ocular or eyepiece and presented to the 
eye-point or Ramsden circle. 
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process, while with comparison microscopes the stage 
is either raised or lowered to adjust the focus of the final 
image. Examples of common types of stands used for 
stereomicroscopes and comparison microscopes are 
shown in Figures 2.2 to 2.4. 

Next, a body tube with a nosepiece at its lower end 
houses the objective lenses, and the upper end houses 
the ocular. In the recent past microscope makers manu- 
factured their objectives for body tubes with a mechani- 
cal tube length of 160 mm, as the specimen at focus was 
slightly above the objective’s focal point (see Figure 2.2). 
In Figure 2.3, the stage, objective lenses, body tube, 
head, and eyepieces are all aligned along the micro- 
scope’s optic axis. 

Since the onset of the new millennium, microscope 
manufacturers are designing their objective lenses with 
infinity correction. In this design, the specimen is placed 
at the front focal plane of the objective lens. Consequently, 
the rays leaving the objective are projected to infinity. In 
this arrangement, a tube lens must be inserted into the 
body tube so the projected rays converge at the ocular’s 
diaphragm (see Figure 2.5). These systems allow for the 
insertion of accessories within the microscope’s optical 
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Figure 2.4 Example of a typical comparison microscope 
base and pillar configuration. 


Basic Microscopy for Toolmark Examiners 


— Eye-point 


Ocular 
{CLAN 10x /20 Oofy 


Real, inverted image 


Tube lens 


Infinity focus 


Image distance 


10" or 250 mm 
Optic axis 
Objective 
Source 
if 
Stage Specimen 


Virtual, inverted, enlarged image 


Figure 2.5 In the infinity focus design, the specimen is 
placed at one focal length (at the front focal plane) from the 
objective lens. Consequently, the rays leaving the objec- 
tive are projected to infinity. In this arrangement, a tube 
lens must be inserted into the body tube in order for the 
projected rays to converge at the oculars diaphragm. This 
system allows for the insertion of accessories within the 
microscope’s optical path without the danger of producing 
ghost images or increasing over magnification. Objectives 
made for infinity focus systems would have an infinity 
symbol (>) placed on their outer covers. 
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path without the danger of producing ghost images or 
increasing the system’s overall magnification. 

An archetypal body tube used in modern stereomi- 
croscopes is depicted in Figure 2.6; note the presence of 
a tube lens at the base of this unit. Parallel rays exiting 
the objective or an intermediate optical device (zoom 
body) will be focused by the tube lens into an image at 
the intermediate plane of the eyepiece. 

The stage is an integral component of any contem- 
porary microscope. The stage provides the platform 
onto which the specimen is placed and manipulated. 
While there are many types of stages available, the most 
versatile stage for toolmark examination is often just a 
large flat surface onto which the specimen can be placed 
and easily maneuvered in front of the objective lens. 
Most new comparison microscopes have stages attached 
directly to focusing mounts that are, in turn, attached to 
the microscope’s base. Figures 2.7 and 2.8 illustrate the 
stage configurations present on two modern compari- 
son microscopes. In Figure 2.7, each stage is attached to 
its own focusing mount, which in turn is attached to the 
base. In Figure 2.8, the stages are attached to focusing 
mounts that are built into the base and are controlled 
independently by coarse and fine adjustment knobs. 

The stages used in the manufacture of modern ste- 
reomicroscopes are also available in a wide variety of 
shapes and sizes. A large flat surface that allows for easy 
maneuvering of the specimen in front of the objective 
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Figure 2.6 An archetypal body tube used in modern ste- 
reomicroscopes is depicted; note the presence of a tube lens 
at the base of the unit. Parallel rays exiting the objective or 
an intermediate optical device (zoom body) will be focused 
by the tube lens at the ocular’s intermediate image plane. 
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lens is still most desirable for use in toolmark examina- 
tions. To this end, some stereomicroscopes come with 
no stage at all; instead, the table or bench top upon 
which the microscope sits serves as its stage. Figure 2.9 
shows one low-end and one high-end stereomicro- 
scope, both with large flat stages built into their bases. 
Figure 2.10 depicts a stereomicroscope that has no stage. 
This stereomicroscope has a large free-standing table 


Figure 2.7 Comparison microscope base with two inde- 
pendently focusable square stages each attached to focusing 
mounts controlled by separate coarse adjustment knobs. 


Figure 2.8 Comparison microscope base with two inde- 
pendently focusable rectangular stages attached to focusing 
mounts controlled by separate coarse and fine adjustment 
knobs. 


Plain Stand Diascopic Stand 


Figure 2.9 Two zoom stereomicroscopes with large flat 
stages built into their bases. 
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stand, composed of a pillar, an adjustable arm, and a 
very heavy base for stability. The stereomicroscope body, 
which contains the eyepiece tube, oculars, zoom body, 
and objective, is attached to the boom or table stand by 
a focusing mount. 

The most important component of any microscope 
system is the objective lens because it is primarily respon- 
sible for the resolution achieved in the image it forms of 
the specimen under investigation. Resolution is the abil- 
ity ofa lens to separate two closely spaced physical points 
in an object into an image in which they appear to be 
two distinct, separate individual points. The front lens 
of an objective collects the light that interferes with the 
specimen. The quantity of image-forming light collected 
by the objective is related to the focal length of the objec- 
tive, the refractive index (n) of the medium between the 
specimen and the objective’s front lens, and the numeri- 
cal aperture (NA) of the objective. Figure 2.11 demon- 
strates the many factors influencing an objective’s NA. 
The numerical aperture is defined mathematically as 


NA = nsin ¥%2AA or (U) 


The angle aperture (AA) varies with the focal length of 
the objective lens system. Both the light-gathering capac- 
ity of an objective and its ability to resolve fine detail in a 
specimen are directly related to the AA of an objective. 
The resolving power of a compound microscope is also 
dependent on the condenser’s NA. Consequently, the 
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Figure 2.10 Depicted above is a stereomicroscope with- 
out a stage. This stereomicroscope has a large free standing 
table stand composed of a pillar, an adjustable arm, and a 
very heavy base for stability. The stereomicroscope body, 
which contains the eyepiece tube, oculars, zoom body and 
objective, is attached to the boom or table stand by a focus- 
ing mount. 
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approximate resolving power (R) of a microscope can be 
defined mathematically as 


ny 
R= 
(NA objective + NA condenser) 


where R is the smallest distance between two distinct 
side-by-side structural details in a specimen and A is the 
size of the wavelength of the interfering light. In systems 
with no condenser (most reflected light systems), the 
approximate resolving power (R) of a microscope can be 
defined mathematically as 


_ r 
NA objective 


Typically, the higher the useful NA of an objective lens 
system, the greater is its resolving power. 

Over the past century, toolmark examiners have uti- 
lized various types of objective lenses in their examina- 
tion protocols. In the early part of the twentieth century, 
low-power, fixed-magnification, fixed numerical aper- 
ture, and achromatic lenses were employed by toolmark 
examiners. These systems normally had an aperture iris 
placed above the lens portion to control the intensity of 
the illumination in the primary image (see Figure 2.12). 

Toward the middle of the century, two categories of 
achromatic objective lenses were manufactured for tool- 
mark examinations. Since the usual specimen examined 
by toolmark examiners is an opaque, metal surface, 


NA =n,, x sin 1/2 AA 
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NA = 1.00028 x sin 1.45° 
NA = 1.000 x 0.025 
NA = 0.025 
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Figure 2.11 Shown above is a modern style objective lens 


commonly used by a toolmark examiner, and the many 
factors used in the computation of the objective’s NA. 
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some manufacturers utilized metallurgy objective lenses 
in the construction of comparison microscopes. Leitz 
used Ultropak objective lenses and Ultropak illumina- 
tion systems for the illumination of opaque specimens. 
Figure 2.13 depicts an example of a low-power Leitz 
Ultropak objective lens. 

In addition, Leitz provided several types of lenses 
primarily designed for scientific macro photography 
as reflected light objectives in their comparison micro- 
scopes. Leitz utilized Summar’, Photar®, and Makro® 
lenses for this purpose. Examples of some Makro and 
Photar lenses are given in Figures 2.14 and 2.15. 

These typically low-power camera/objective macro 
lenses have adjustable iris diaphragms with correspond- 
ing f-stop positions (to control depth of field) indicated 
on their outside barrels. A common array of f-stop sizes 
is from 4.0 to 16. However, a full range of fstops, from 
2.5 to 44, is available to the user. Figure 2.16 shows a 
Photar 1:4.580mm lens at various f-stop settings. 

Near the end of the century, two categories of objec- 
tive lenses found favor and were commonly used for 
toolmark examinations: the zoom magnification macro 
lens and the fixed-magnification, fixed-NA objective lens. 
Now most lens systems produced by high-end micro- 
scope manufacturers are of high quality, and are cor- 
rected for most types of lens aberrations and distortion. 
Whether one chooses achromatic (corrected for two colors 


Aperture control | } 


FFPH HI 
"all Ny 


>» 


COCO gEpD 


g Iris 


Bausch & Lomb Objectives 


SAHWWIH, 
S) Min, 


Figure 2.12 Old style objectives produced by an early 
manufacturer of comparison microscopes. The lens has 
a magnification of 2.5x and an NA of 0.08. The aperture 
numbers seen on this objective do not follow the conven- 
tion associated with f-stops. In this instance the smaller 
number has a smaller aperture, while the larger number 
has a larger aperture. 
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chromatically and the color green spherically) or apo- 
chromatic (corrected for up to five colors chromatically 
and three colors spherically) objectives is now primarily 
a function of budget rather than need. When choosing 
objectives for toolmark examination, one must remember 
that the ideal magnification range is still between 8x and 
30x, as reported by Hatcher et al.' Thus, the advantage 
gained in toolmark examinations by using such highly 
corrected apochromatic objective lens systems is almost 
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Figure 2.13 Low power Leitz® Ultropak objective lens. 
The outer ring of lens sections (C) surrounding a central 
objective lens (O), act as a condenser, condensing the light 
coming from an attached illuminator. The center lens 
objective O collects the reflected light that illuminated 
the specimen and forms an image of the specimen. This 
method of illumination will be discussed in more detail in 
another portion of this chapter. 
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Figure 2.14 Two Leitz Makro® macro lenses provided with 
RMS screw tread for use in photomicrography and with 
comparison microscopy 
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negligible. Therefore, modern achromatic objectives 
function estimably for toolmark examinations. Examples 
of the two categories of modern objective lenses are dem- 
onstrated in Figures 2.17 and 2.18. 

Although the choice of objective lens used is nor- 
mally a matter of personal preference on the part of any 
examiner, there are distinct differences between these 
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Figure 2.15 Three Leitz Photar® macro lenses provided 
with RMS screw tread for use in photomicrography and with 
comparison microscopy. The range of magnification of these 
three lenses is ideal for use in toolmark comparisons. 
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Figure 2.16 A Leitz Photar® lens showing 4 common 
f-stop aperture settings. 
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two types of objectives. Many examiners find using a 
zoom-style objective lens somewhat easier. Once they 
set the specimen up and focus it at the lowest power set- 
tings, to achieve a larger image of the specimen, they 
simply zoom up to a higher magnification. A severe 
disadvantage to the zooming method is the decrease 
in illumination due to extending the bellows; this often 
results in a less resolved final image. Another disadvan- 
tage of the zoom lens system is that it is much harder to 
determine the final magnification of the specimen. This 
author prefers the fixed-magnification, fixed-NA objec- 
tive lenses. To begin with, each lens is inscribed with all 
of its vital information (see Figure 2.19). Next, a large 
selection of different fixed-magnification objectives can 
be placed on the same nosepiece, allowing for effortless 
changing of objectives by simply rotating the nosepiece 
or turret. In addition, since the objectives are manufac- 
tured as a set, all are designed to project an image of the 
portion of the specimen being viewed to the center of 
the ocular’s preset diaphragm. A set of matched objec- 
tives, like the one shown in Figure 2.18, is designated as 
being parfocal and parcentric (once one lens is in focus 
and centered on the specimen, any one of the lenses on 
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Figure 2.17 Shown is a Leica Makrozoom® achromatic 
objective lens used on many of Leica’s modern comparison 
microscopes. This lens has a magnification range from 0.8 
to 8.0x. The iris diaphragm is placed at the top portion of 
the lens and is used to control the intensity of the illumi- 
nation and the depth of focus achieved in the final image. 
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the same turret will be in focus and centered on that 
specimen when rotated into position). 

Finally, fixed lens systems produce sharper, more 
detailed, finely resolved images than do zoom lens 
systems. 

There are two primary types of stereomicroscopes, 
the Greenough and the common main objective. The 
Greenough was the first practical, fully functional ste- 
reomicroscope. Produced in the late nineteenth cen- 
tury, Greenough stereomicroscopes are composed 
of two separate objective lenses, each paired with 
one eyepiece or ocular. This configuration provides a 
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Figure 2.18 A set of Leica plan achromatic objective lenses. 
Each has a fixed NA, a fixed magnification and a built in iris 
diaphragm. The range of magnification with a 10x eyepiece 
is 5.0 to 40x. The author prefers the use of fixed magnifica- 
tion objective lenses over the zoom type lens. 
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Figure 2.19 Above is shown a Leica® plan achromatic, 
fixed magnification, fixed NA objective lens. 
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compound microscope for each eye and, as a result, pro- 
duces two different images of the specimen. The com- 
mon main objective type stereomicroscope is the more 
modern form of stereomicroscopy. This style of stereo- 
microscopy has one main objective lens mounted just 
underneath two Galilean type telescopes. Typically, an 
erecting prism, tube lens, and ocular are positioned 
above each telescope. This configuration also provides 
two different images of the same specimen. Both types 
of stereomicroscopes produce three-dimensional images 
because they provide two different angles of view of the 
same specimen, thereby producing somewhat differ- 
ent images for each eye, thus resulting in stereoscopic 
vision. Figure 2.20 depicts a schematic of a Greenough 
type stereomicroscope, which is the earlier form of ste- 
reomicroscope. Figure 2.21 shows a diagram of a com- 
mon main objective type stereomicroscope. 

Although modern stereomicroscopes are designed 
to magnify specimens up to 400 diameters, toolmark 
examiners rarely, if ever, exceed 50 power. The SM was 
developed to allow the user to observe objects in three 
dimensions, as they normally see with their unaided 
eyes. As one increases the magnification of a speci- 
men, the depth of field (3D appearance) of the specimen 
tends to decrease, thereby causing the final image to 
appear more and more two-dimensional. This nullifies 


Objectives 


Figure 2.20 Shown is a schematic of a Greenough type 
stereomicroscope. Note the two objectives each aligned 
with one ocular or eyepiece. 
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the purpose of the stereomicroscope’s design, which 
is primarily to make specimen manipulation and the 
macroscopic observation of a specimen’s physical struc- 
ture and properties easier by providing the viewer with 
a three-dimensional macroscopic image. Figure 2.22 
illustrates a very versatile stereomicroscope mounted on 
a boom stand. The range of magnification of this zoom 
stereomicroscope equipped with a 0.5x objective and a 
set of 10x oculars is from 5.0x to 31.5x. The boom stand 
allows for the easy positioning and observation of large 
bulky specimens. 

A full line of dedicated common microscope objec- 
tive lenses are available for stereomicroscopes. Plan 
achromatic, single common lenses with magnifications 
ranging from 0.5x to 2.0X are available from all major 
microscope manufacturers and are more than adequate 
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Figure 2.21 A diagram of a common main objective ste- 
reomicroscope. Note the position of the main objective 
lens, telescopes, relay lenses, erecting prisms and the two 
oculars (OC). 
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for use in toolmark examination. However, more highly 
corrected objectives, with magnifications such as 0.3x, 
0.5x, 0.75x, 1.0x, 1.5x, 1.6x, and 2.0x, having numerical 
apertures ranging from 0.023 to 0.131, are also available, 
though at a substantially higher cost than achromatic 
lenses.* Figures 2.23 and 2.24 show an array of some 
common stereo microscope objectives available today. 

Shown in Figure 2.23 are two stereomicroscope ach- 
romatic common microscope objectives (corrected for 
two colors chromatically and the color green spherically) 
and one stereomicroscope plan apochromatic common 
lens objective (corrected for four or five colors chromati- 
cally and three or four colors spherically). Figure 2.24 
depicts two stereomicroscope plan semiapochromatic 
common microscope objectives, corrected for flatness 
of field, two to four colors chromatically, and three or 
four colors spherically, made from extra-low-dispersion 
glass, which has properties similar to those of the min- 
eral fluorite. 

Another important lens system in any microscope is 
its eyepiece, or ocular. An eyepiece functions as a mag- 
nifier; its sole purpose is to magnify the intermediate 
image formed by the objective lens. There are two pri- 
mary categories of eyepieces: the negative or Huygenian 
eyepiece, which has a diaphragm positioned at the inter- 
mediate image plane between the eye and field lenses, 
and the positive or Ramsden eyepiece, which has a 
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Figure 2.22 Illustrated above is a very versatile stereomi- 
croscope mounted on a boom stand. The range of magnifi- 
cation of this zoom stereomicroscope equipped with a 0.5x 
objective and a set of 10x oculars is from 5.0x to 31.5x. The 
boom stand allows for the easy positioning and observation 
of large bulky specimens. 
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diaphragm positioned at the intermediate image plane 
below the eye and field lenses. Modern eyepieces are 
produced to work with specific objective lens systems. It 
is imperative that one use the matching eyepiece made 
for use with a highly corrected objective lens in order 
to compensate for the chromatic aberrations that are 
inherent in most highly corrected objective systems. 
Therefore, it is always recommended that one use the 
oculars designed for use with a particular manufactured 
objective. Examples of both categories of eyepieces are 
shown in Figure 2.25. 

A vital aspect of any type of optical image system 
is the lighting technique used to illuminate the subject 


Achro 0.5x 


Figure 2.23 Shown above are two stereomicroscope plan 
achromatic common microscope objectives (corrected for 
flatness of field, 2 colors chromatically, and the color green 
spherically) and one stereomicroscope plan apochromatic 
common microscope objective (corrected for flatness of 
field, 4-5 colors chromatically, and 3-4 colors spherically). 


Figure 2.24 Shown above are two stereomicroscope plan 
semi-apochromatic common microscope objectives made 
from extra low dispersion glass, which has similar proper- 
ties to the mineral fluorite. 
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matter. In toolmark examination, the moderate size and 
opaque nature of the typical specimen dictate the use 
of various incident light techniques to illuminate the 
sample. In addition, the relatively low magnification 
ranges employed in both stereomicroscopy (5x to 100x) 
and comparison microscopy (4x to 50x) allow for the 
incorporation of conventional macro photography and 
its well-established lighting techniques. Filters have also 
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Figure 2.25 Illustrated are the two most common types 
of eyepieces or oculars: the Huygenian and the Ramsden. 
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Figure 2.26 Depicted above is an Ultropak epi-illumina- 
tion device formerly made by Leitz®. Light rays from the 
attached light source are reflected by the mirror straight 
down into the condensing lens system which surrounds the 
objective. The reflected light rays are focused onto the speci- 
men’s opaque surface by the condensing lens system, where- 
upon they interact with the specimen. Some of the light rays 
are reflected back to the objective lens, which collects them 
and forms an intermediate image of the specimen. 
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been used to augment the illumination used in stereo- 
microscopy and reflected light comparison microscopy 
to maximize image formation. In particular, polarized 
light filters are used to reduce glare from metallic sur- 
faces, while daylight filters (6,000 K) are used to control 
color balance. Improvements in optical and illumina- 
tion systems used in these macroscopic methods have 
resulted in maximizing the useful numerical aperture of 
these systems, thereby resulting in clearer, higher-qual- 
ity images with superior rendering of surface details. 

The simplest method used to illuminate opaque 
specimens has been, and still is, an incandescent, tung- 
sten light source with a focusable double-convex lens 
built in. The beam of light from the light source is 
focused at an oblique angle onto the specimen’s surface 
by adjusting the lens’ focus. The angle of the incident 
beam is changed while the specimen is being observed 
with a camera or microscope in order to achieve the 
optimum contrast within the final image. This type of 
lighting device is all but obsolete. 

Various forms of fiber optic lighting fixtures, as well 
as white LED lighting devices have all but replaced the 
older style reflected light illuminators. In comparison 
microscopy, the fiber optic light source comes paired 
with two cables connected to one power supply, which 
controls the current directed to the source to attain 
improved color balanced illumination for both ques- 
tioned and known specimens. Light-emitting diode 
(LED) array light sources, although separate, are also 
powered by one power supply. Newer LED illuminators 
are now available that emit white light, eliminating the 
need for daylight filtration. 

In order to obtain the optimum angle of the oblique 
illumination for each opaque specimen, the angle of the 
incident beam striking the specimen is varied while the 
specimen is being observed, until the optimum image 
is achieved for each specimen. This empirical process is 
carried out for each new specimen. 

Opaque specimens are normally best observed by 
utilizing vertical illumination to image their outer sur- 
faces. Microscopes designed for vertical illumination 
can have various arrays of condensing lenses, filters, and 
mirrors incorporated into the optical train between the 
objective lens and the body tube. Figure 2.26 illustrates 
an Ultropak epi illumination device, formerly made by 
Leitz. Light rays from the attached source are reflected 
by the mirrors straight down into the condensing lens 
system, which surrounds the objective. The reflected 
light rays are focused onto the specimen’s opaque sur- 
face by the condensing lens system, whereupon they 
interact with the specimen. Some of the light rays are 
reflected back to the objective lens, which collects them 
and forms an intermediate image of the specimen. This 
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system produces a very high quality image of the ques- 
tioned (Q) and known (K) specimens (see Figure 2.27). 
It is important to note that all objectives intended for 
use with vertical illumination are corrected for use with- 
out a cover glass. Modern versions of vertical illumina- 
tion systems are available today and are primarily used 
with Nomarski differential interference contrast (DIC) 
microscopy in the semiconductor industry for quality 
assurance purposes. Figure 2.28 illustrates a Nomarski 
DIC reflected light illumination system that has been 
used by the author in toolmark examinations involving 
small objects, narrow gauge wires, and stamping dies for 
coins or postage stamps. Figure 2.29 shows two photo- 
graphs taken of the specimen shown in Figure 2.28. The 
photograph on the left was taken with normal reflected 
light, while the photograph on the right shows results 
obtained with Nomarski DIC reflected light illumination. 
Note the enhanced three-dimensional image obtained 
with the Nomarski DIC system. A concise explanation 
of this technique can be found in the literature." 
Stereomicroscopes frequently come fitted with 
reflected light ring illuminators to obtain shadow-free, 
soft, evenly diffused, near-vertical illumination. In the 
not so distant past, fluorescent ring illuminators were 
typically used for this purpose. Recently, ring lights, 
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Figure 2.27 Shown above is an image of a comparison 
made between a questioned and known toolmark. The 
questioned impression (Q) was found in a pipe at the scene 
of a homicide in which the pipe had been loosened to allow 
gas to escape. The known impression (K) was produced in 
a piece of lead with the suspected wrench obtained from 
the landlord. The photograph was taken on an early ver- 
sion of a Leitz® comparison microscope equipped with two 
epi-illumination systems and two 11x Ultropak objective 
lenses. Note the high quality detailed image achieved by 
this classic system. 
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constructed from large numbers of white light-emitting 
diodes, have been replacing these older types of ring illu- 
minators, especially for use in low-power macroscopic 
methods. Figures 2.30 to 2.32 show several types of fiber 
optic and LED illuminators that are currently in use 
with both stereomicroscopes and comparison micro- 
scopes. While illumination from these types of devices 
is of high quality, vertical epi illumination still remains 
the standard by which all other forms of reflected light 
illumination are measured. 

Although comparison microscopes have been used 
in toolmark examinations for nearly a century, their basic 
configuration has not changed. Typically two identical 
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Figure 2.28 Illustrated is a Nomarski DIC reflected light 
illumination system that has been used by the author in 
toolmark examinations involving small objects, narrow 
gauge wire, and stamping dies for coins or postage stamps. 
Inset on left is a Neo S Plan, 5x, 0.13 NA, infinity corrected 
objective; Inset on right shows the specimen’s position. 


Figure 2.29 Here two photographs have been taken of 
the specimen shown in Figure 2.28. The left photograph 
is taken with reflected light while the right photograph 
shows results obtained with Nomarski DIC reflected light 
illumination. A Neo S Plan 5x 0.13 NA objective lens was 
used to take both photomicrographs. Note the enhanced 
three-dimensional appearance of the Nomarski DIC image 
as compared to the brightfield image. The black and white 
bars are equal to 0.5mm. 
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light microscopes with set(s) of paired objectives are 
optically bridged together with a special optical device 
designed specifically for this purpose. The device, which 
has become commonly known as a bridge, contains an 
array of prisms and lenses that transfer the intermedi- 
ate image formed by each objective to a centrally located 
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Figure 2.30 Various illuminators used in toolmark 
examination. 
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Figure 2.31 Shown is a comparison microscope with a 
bifurcated fiber optics illuminator outfitted with diffusing 
daylight filters, powered by a single power supply. 
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split prism. Half of each image is then directed toward 
the focusable eyepiece(s), which magnifies both images. 
The dividing line in the split prism can be sharply 
focused with the ocular’s focusing collar. Fine correc- 
tions to the focus of each image are made by adjusting 
the microscope’s fine focus knobs. Figure 2.33 depicts an 
early comparison microscope showing its primary opti- 
cal components: a matched pair of 2x (Spencer) objec- 
tives with iris controls, right and left body tubes, optical 
bridge, and focusable 10x eyepiece. Figure 2.34 shows 
the internal optical components of this early comparison 
microscope bridge. In contrast, Figure 2.35 depicts the 
internal optical components of a mid to late twentieth- 
century comparison microscope bridge. A study of these 
two comparison bridges clearly illustrates that optical 
microscope bridges made for toolmark examination 
have changed little over the past century. 

Even though the physical appearance and ergonom- 
ics of toolmark and firearm comparison microscopes have 
changed over the years, their basic optical design has not. 
G. A. Needham points out in his classical text Practical Use 
of the Microscope, published in 1958, that the original bal- 
listics comparison microscope and accessories produced 
in 1925 by two ballistics experts, Waite and Goddard, 
and two microscopists, Gravell and Fischer, were so well 
designed that only minor changes and improvements had 
to be implemented since its introduction.® 

The choice of which comparison microscope to 
use is usually a matter of personal preference on the 
part of a toolmark examiner. However, there are some 
common issues that must be addressed. A study by the 
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Figure 2.32 Depicted above is a comparison microscope 
with a light emitting diode illumination system providing 
oblique illumination to both the known and questioned 
specimens, while being powered by a single power supply. 
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author of the popular comparison microscopes used 
from the mid-1920s to the present day indicates that a 
comparison microscope used in toolmark examination 
should have, at a minimum, the following equipment 
and capabilities: 


1. A range of magnification from 5x to 80x 
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Figure 2.33 Depicted above is an early comparison micro- 
scope’s optical components. The matched pair of 2x objec- 
tives with iris controls, right and left body tubes, optical 
bridge and focusable 10x eyepiece are identified. 
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2. At least one pair of matched plan achromatic 
objective lenses with fixed or variable (zoom) 
magnification range from 0.5x to at least 8.0 
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Figure 2.34 Illustrated above are all the internal optical 
components of an early comparison bridge along with a sim- 
ple sketch of the light ray path (indicated by red arrows). The 
split image shown below the bridge was taken over 20 years 
ago by the author with this vintage comparison microscope. 
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Figure 2.35 Shown above is a mid to late 20th century Leitz® comparison microscope bridge with its internal optical 


components exposed, and a trace of its light ray path. 
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3. An internal iris diaphragm for adjusting the 
size of the aperture 

4. A matched pair of 10x compensating oculars 
specifically manufactured for use with the sup- 
plied objectives 

5. An optical bridge that allows for the side-by- 
side comparison of two evenly illuminated erect 
images, with each image projected on the same 


side as the object it represents 


Figure 2.36 Depicts a modern comparison microscope 
showing its primary optical components: a matched pair 
of Leitz Makro® macro objective lenses (each with an iris 
diaphragm placed directly above each objective) an optical 
bridge with left and right matched objectives attached, and 
body tube with focusable 10x eyepieces. 


Figure 2.37 Depicted is a vintage Leitz® early 20th cen- 
tury comparison microscope. This unit has a pair of 2x 
objectives and a 10x focusable eyepiece. 
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6. Two large, flat platform stages mounted on mov- 
able ball-and-socket joints, which allow for the 
simple and effortless positioning of the ques- 
tioned and known specimens 

7. Two matched, very bright, near-daylight bal- 
anced light sources working off the same power 
supply, and capable of both direct and oblique 
reflected light illumination 


Whether one chooses the fixed-magnification 
or zoom lens system is normally a matter of personal 
preference. Both systems provide highly resolved, clear 
images that meet the needs of any toolmark exam- 
iner. Figures 2.36 through 2.44 show a progression of 


Figure 2.38 Shown is a Leitz mid 20th Century compari- 
son microscope used by the author primarily for toolmark 
examinations. This unit was outfitted with two sets of 
Photar® objectives 1.2x, 3.6x, and 8x as well as 3 different 
focusable oculars, the largest one having a magnification of 
10x. Some of these later units had a binocular head with a 
set of 10x periplan Leitz oculars. In addition, the unit came 
with 2 sets of Ultropak® objectives having a range of mag- 
nification of 1.5x to 11x. 
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Figure 2.39 An American Optical (AO) comparison 
microscope used from the 1970s to the 1990s. 


Figure 2.40 A late to mid century Leitz® comparison 
microscope, arguably the work horse in firearms and tool- 
mark laboratories across the United States in the mid to 
late 20th century. 
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Figure 2.41 A late 20th century Leica Makrozoom® com- 
parison microscope with a magnification range of 8x to 80x, 
when combined with 10x oculars and LED illumination. 


Figure 2.42 A modern 21st century Leica® compari- 
son microscope outfitted with 2 sets of 0.5x, 1.0x, 1.5x, 
2.0x, 2.5x and 4.0x objectives of matching 10x eyepieces. 
Additional objective lenses are available (i.e., lower power 
plan apochromates). 
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Figure 2.43 A modern 21st Century comparison micro- 
scope in which two high quality stereo zoom microscopes 
are optically bridged together to produce a very fine, easy 
to use, low power comparison microscope. 


the development of the ballistics/toolmark comparison 
microscope over the past century. 

Finally, definitions for most microscope terms can 
be found in a glossary prepared by members of the old- 
est microscope society (New York Microscopical Society 
(NYMS)) in the Clifton, U.S. It is an excellent resource, 
which should be consulted whenever the meaning of 
any microscope term is in question." 
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Figure 2.44 A Leeds® comparison microscope bridging 
two Olympus® SZX12 stereo zoom microscopes together 
to produce a very fine, easy to use, low power comparison 
microscope outfitted with several different stage configu- 
rations for toolmark examinations. Several of these stages 
will be seen throughout this text. 
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Precision Measurement 
for Toolmark Examination 


To transform toolmark examinations and comparisons 
from an art toa science, one must study questioned marks 
before preparing test marks with exemplar tools. The fine 
nature and microstructure of questioned toolmarks dic- 
tates the necessity for utilizing high-precision measuring 
equipment in the study. The use of accurate measuring 
instruments and gauges is essential to the scientific study 
of questioned toolmarks, and the reproduction of mean- 
ingful, precise test toolmarks to be used in the compari- 
son process. Typically, the unit of measure employed in 
the U.S. conventional system is millionths of an inch or 
0.000001 in. or microinch, and in the SI metric system, 
millionths of a meter or 0.000001 m or micrometer (um). 
Angles are measured in degrees and minutes (60 min per 
degree) in both systems. Notably, metric measuring tools 
are frequently easier to use and read than U.S. measur- 
ing tools. Thus, one should not avoid using metric-based 
measuring devices when available. 

Prior to making extremely precise measurements of 
questioned toolmarks, one must first become familiar 
with these devices and their proper use. The first instru- 
ment we will study is the steel rule. 

The steel rule is the least complicated measuring 
device available to the toolmark examiner. Steel rulers or 
straightedges are divided into fractions of inches, in units 
of tens or decimal inches, and metric units (i.e., meters, 
decimeters, centimeters, and millimeters). Figure 3.1 


US Conventional System 
Based on inches and feet 
Each division equal to 1/32nd or 1/64th 
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Metric System 
Based on international system of units (SI) 
Each division is equal to 1 mm or 1/2 mm 
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Figure 3.1 Steel rulers with both fractional inches units 
and metric units. 
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shows three steel rules; one has fractional inch units, the 
other has metric unit divisions, and the third has both. 
In scientific measurements, acquiring accurate linear 
dimensions of an object is based on the use of scientifi- 
cally recognized calibrated rules or calibration stan- 
dards, which are traceable back to a recognized source, 
i.e., the National Institute of Standards and Technology 
(NIST). NIST-traceable gauge block standard as well as 
NIST-traceable Starrett’ rules were used to calibrate all of 
the measuring devices used in this work. 

In order to learn how to read a rule, carefully study 
the rules shown in Figure 3.1 and the enlarged portion 
of a rule depicted in Figure 3.2. Practice making mea- 
surements with a variety of steel rules on known NIST 
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Figure 3.2 An enlarged portion of a steel ruler showing 40 
and 4 in. divisions. 


SECOSSSEOSOSONOHENOSOSENEEEESEESEGEEESEESoSoSSESoSeSOSSHSONODEOSOESERGERORE 


Steel Rule 


NIST Block 


Right Angle 
Plate 


Bench Block 


Figure 3.3 A NIST 2 in. gauge block standard being mea- 
sured with a steel rule. The workpiece or NIST block is 
placed on top of a flat metal bench block, and both the steel 
rule and NIST block are butted against a right-angle plate. 
The rule is held at a right angle to the surface of the work- 
piece and the measurement is noted. 
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standard blocks (see Figures 3.3 and 3.4) until you become 
proficient. Figure 3.5 shows a NIST-traceable gauge block 
standard with its serial number and certified dimension 
marked on its front surface. The use of the NIST-traceable 
standard blocks and rules also serves to calibrate the accu- 
racy of the rulers being used to make the measurements. 
Start by measuring larger fractional inch divisions 
like % and ¥ in., and then gradually work your way 
down to smaller fractional inch divisions, e.g., Ys2 and 
Yea in. Practice until you are able to make quick and 


Figure 3.4 A calibrated set of NIST-traceable gauge blocks 
with certificate. Each gauge block is serial numbered and 
has its calibrated value marked on its front surface. 


Figure 3.5 A NIST-traceable gauge block standard with 
its serial number and certified dimension marked on its 
front surface. 
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accurate measurements with each type of ruler. If pre- 
cision is important, the steel rule should never be used 
as shown in Figure 3.6. In Figure 3.6 the rule is placed 
in a flat orientation directly on top of the pipe, and 
across the pipe’s opening. The positioning of this rule 
makes it difficult to accurately align and read the rule’s 
gradations. 

After you become proficient at using the steel ruler, 
practice making measurements on items you may 
encounter in toolmark casework, e.g., pieces of wood, 
lengths of pipes, tool working surfaces. Figure 3.6 illus- 
trates two incorrect methods of measuring the diam- 
eter of a pipe with a steel rule. At the top of Figure 3.6, 
the positioning of the rule in a flat horizontal posture, 
directly on top of the pipe’s opening, makes it nearly 
impossible to accurately align and read the rule’s gra- 
dations. On the bottom of Figure 3.6, aligning the 
end of the steel rule with the workpiece can lead to 
error because the steel rule’s endpoint might be worn, 
rounded, or even crushed. Figure 3.7 illustrates a cor- 
rect method for measuring toolmarks on an item with 
a steel rule. The workpiece and rule are butted against 
a right-angle plate or knee, while the rule is held at an 
angle to the surface of the workpiece. 


Figure 3.6 Two incorrect ways of measuring with a steel 
rule. Top: The positioning of the rule in a flat horizontal 
posture, directly on top of the pipe’s opening, makes it 
nearly impossible to accurately align and read the rule’s 
gradations. Bottom: Aligning the end of the rule with the 
workpiece can lead to error because the rule’s endpoint 
might be worn, rounded, or even crushed. 
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To this point, all of the measurements have been 
made by the direct comparison of an established stan- 
dard with the workpiece. Along with the direct method 
of making measurements there are indirect methods 
for making precise measurements. Indirect methods 
involve using devices such as calipers and dividers (see 
Figure 3.8) to evaluate the portion of the workpiece to be 
measured, and then comparing the caliper assessment 
to a known external standard, as seen in Figures 3.9 
and 3.10. Calipers and dividers are useful devices for 
assessing dimensions. These implements are normally 
used with steel rules to make accurate measurements 
within Y%zs in. In Figure 3.9, a divider is used to measure 
the linear distance between two impressions of wrench 
tooth marks found on a cast iron gas pipe’s surface. The 


Figure 3.7 A correct method for measuring toolmarks on 
an item with a steel rule is demonstrated. The workpiece 
and rule are butted against a right-angle plate or knee, while 
the rule is held at an acute angle to the surface of the work- 
piece. The rule’s gradations are aligned with the toolmarks 
being measured, and the size of the measurement is noted. 


Figure 3.8 From left to right: Spring joint dividers, spring 
joint inside calipers, and spring joint outside calipers. 
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divider is then transferred to a steel rule to determine 


the measurement’s value. 

In Figure 3.10 a caliper is being used to measure the 
outside diameter of a section of gas pipe. The caliper is 
then transferred to a square to determine the measure- 
ment’s value. 


OUTTA T LTE 


BA oN 
193416799 

234) 878 
sa 


iI Hyytye iyyt 
Ng 
vm 40 
32NDS 
642 16 20 


| | 
AMAA ti phdatidali ll 
Divider q 


Figure 3.9 A divider (A) is used to measure the linear dis- 
tance between two impressions of a wrench’s tooth marks 
found on a cast iron gas pipe’s surface. The divider is then 
transferred to a steel rule (B) to determine the measure- 
ment’s value. Caution must be used to avoid marking the 
surface being measured. 


Indirect method 
transfer A to B 


Figure 3.10 A caliper is being used to measure the out- 
side diameter of a section of gas pipe. The caliper is then 
transferred to a square or rule to determine the value of the 
measurements. 
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When making indirect measurements one must 
be certain that the caliper being used is being prop- 
erly applied to the workpiece. Figure 3.11 illustrates 
the improper positioning of a caliper’s legs within a 


Figure 3.11 The tilted position of the shown caliper 
will result in an incorrect assessment of the workpiece’s 
diameter. 


Figure 3.12 The position of the pictured caliper will 
result in a correct assessment of the workpiece’s diameter. 
The caliper is then transferred to a steel rule and the value 
is noted. 
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workpiece to determine its true diameter. The caliper 
should be moved and adjusted until it is aligned with 
the true diameter of the workpiece (see Figure 3.12). 
Using calipers and dividers to make accurate and pre- 
cise measurements requires practice to become profi- 
cient. Although calipers are normally used to obtain 
inside and outside diameter measurements, they are 
also used to measure thickness, with depth and angu- 
larity. The serious reader is encouraged to practice mak- 
ing all types of measurements with calipers to become 
competent using these instruments. 

Today, direct measurement calipers are readily avail- 
able. These devices are simply a combination of both 
caliper and rule merged together into one instrument 
capable of making direct measurements. Two common 
direct measurement calipers are depicted in Figures 3.13 
and 3.14; both have graduated lines engraved or printed 
on their sleeves, and measurements are made by simply 
reading the gradations directly from the sleeve. The cali- 
per in Figure 3.13 is primarily used for the acquisition of 
inside and outside diameters. The caliper in Figure 3.14 
is used for thickness measurements. 


Figure 3.14 A caliper that is used to directly measure 
the thickness of an object, e.g., sheet metal stock, plastic 
sheeting. 


Figure 3.13 A common slide caliper, which allows for the acquisition of direct inside and outside linear measurements. 
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Mechanically measuring calipers are the most 
common of all handheld calipers used today for mak- 
ing direct measurement. Dial calipers as well as digital 
and electrical calipers are capable of four-decimal-place 
accuracy (0.0001 in.) and are used to take all kinds of 
physical measurements (see Figures 3.15 and 3.16). 

The development of the modern micrometer cali- 
per in France in the mid nineteenth century made 
the taking of direct measurements quick and accu- 
rate, without the need for calculations. In Figure 3.17 
a modern handheld micrometer caliper is illustrated. 
This micrometer is based on the original design of the 
first micrometer caliper developed in France, with 
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Figure 3.15 A dial caliper being used to measure the out- 
side (top) and inside (bottom) diameters of a gas pipe. 
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the addition of a Vernier scale. Micrometers employ a 
precisely made screw thread that rotates within a sta- 
tionary nut to produce measurements to 0.0001 in. or 
0.001 mm. 

When one rotates the thimble of the style of microm- 
eter shown in Figure 3.18 in a counterclockwise (CCW) 
direction, the thimble retreats across the micrometer’s 
graduated sleeve from the 0.0 position away from the 
anvil. As the thimble retreats, its rim exposes graduated 
divisions marked on the sleeve (Figure 3.18). Rotation 
of the thimble, which is divided into twenty-five equal 
divisions around its circumference, each equal to 0.0001 
in., exposes gradations marked on the micrometer’s 
sleeve, which is divided into 1/10 in., and each one-tenth 
division is subdivided into four equal portions, each 
equal to 0.025 in. The Vernier scale, on the left side of 
the sleeve, is divided into eleven equally spaced parallel 


Figure 3.16 A digital caliper being used to measure the 
outside of a NIST-traceable gauge block standard in mil- 
limeters (mm). 
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Figure 3.17 A modern micrometer showing all of its major components. 
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lines. These lines occupy the same quantity of space as When making a measurement on the Vernier scale 
the ten lines on the micrometer’s thimble. Each division with a micrometer, first read and record the highest num- 
in the Vernier scale is thus equal to 0.0001 in. ber exposed on the sleeve. In Figure 3.18 this number 


Final Measurement 


0.2523” | — = 


0.2000 Thimble 


Figure 3.18 The blade of a standard slot screwdriver is being measured with a micrometer. When one rotates the thimble 
of the style of micrometer shown in a counterclockwise (CCW) direction, the thimble retreats across the micrometer’s 
graduated sleeve from the 0.0 position away from the anvil. As the thimble retreats, its rim exposes graduated divisions 
marked on the sleeve, as seen. Rotation of the thimble, which is divided into twenty-five equal divisions around its cir- 
cumference, each equal to 0.0001 in., exposes graduated marks on the micrometer’s sleeve, which is divided into “Yo in., 
and each one-tenth division is subdivided into four equal portions, each equal to 0.025 in. The Vernier scale, on the left 
side of the sleeve, is divided into eleven equally spaced parallel lines. These lines occupy the same quantity of space as the 
ten lines on the micrometer’s thimble. Each division is thus equal to 0.0001 in. To start making a measurement, first read 
the highest number on the sleeve and record. Add to this number 0.005, the number of vertical lines between the highest 
sleeve number and the thimble’s rim. Finally, find the line on the thimble that lines up exactly with the line on the Vernier 
scale. Add both numbers to the sum of the first two numbers to determine the final measurement’s value. 


A 


Figure 3.19 A modern depth gauge hand micrometer. A depth gauge micrometer is used to measure the depths of holes, 
slots, and projections. The measuring range can be increased by changing to longer spindles. 
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is 0.2000 in. Next, count the number of vertical lines 
between the highest sleeve number and the thimble’s rim. 
In Figure 3.18 this number is 2. Next, multiply the 2 x 
0.025 in. and add the result to the first number (0.2000 + 
0.0500 = 0.2500 in.). Finally, find the line on the thimble 
that lines up exactly with the line on the Vernier scale. In 
Figure 3.18 the line on the thimble is marked 0.0020 in., 
and on the Vernier scale it is marked 0.0003 in. Add both 
of these numbers to the sum of the first two numbers, as 
seen in Figure 3.18 (0.2500 + 0.0020 + 0.0003 in.). 

A large variety of micrometers designed for dif- 
ferent applications are readily available. Many are 
equipped with a digital display to simplify the measur- 
ing process and provide highly precise readings. Some 
of the most commonly used micrometers are depicted 
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Figure 3.20 A modern inside micrometer. An inside 
micrometer measures internal diameters and is used for 
many applications. It can be used to measure the internal 
diameters of pipes, holes, and rings; the widths of slots; and 
so on. The micrometer scale is read from right to left, and 
the thimble is rotated in a clockwise (CW) direction. 
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in Figures 3.19 to 3.22. In Figure 3.23 a depth gauge 
micrometer is being used to measure the depth ofa drill 
hole in wood. 

Many other measuring tools and gauges, such as 
wire gauges, protractors, hooked rules, drill gauges, 
height gauges, drill point gauges, screw pitch gauges, 
radius gauges, feeler gauges, small holes gauge, and so 
on, can be used in the assessment of questioned tool- 
marks. A few of the common gauges and tools are 
shown in Figures 3.24 through Figure 3.29. Other tools 
and gauges will be demonstrated throughout this text. 
Depicted in these figures are several gauges that can be 
used to study questioned toolmarks in order to postu- 
late how they were made. These data are then used to 
accurately replicate the questioned toolmarks in the 
form of known standards prepared for use in compari- 
son studies. 

The proper use of two common gauges is illustrated 
in Figures 3.25 and 3.26. In Figure 3.25 a wire gauge is 
used to determine the gauge of a wire cut during the 
disabling of a production machine in a manufacturing 
plant. The wire is placed into the various size gauge open- 
ings until a snug fit is achieved. In Figure 3.26 a screw 
recovered from a broken lock in a burglary is examined 
to determine its thread size. 

Figure 3.27 depicts a portion of a brass-plated 
door lock plate with several lever action (screwdriver) 
toolmarks scratched into its brass-plated surface. In 
Figure 3.28 the width of the major toolmark present on 
the door lock plate is being measured directly with a 
steel rule and a right angle block, while in Figure 3.29, 
two different angles, angle 1 and angle 2, manifested 
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Figure 3.21 A modern digital micrometer capable of measuring in both inches and millimeters. A NIST-traceable gauge 
block standard is being used to test the accuracy of the micrometer. 
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Figure 3.22 A modern depth gauge hand micrometer measuring a NIST-traceable gauge block standard is being used to 
test the accuracy of the micrometer. The arrow marked (a) shows the movement of the thimble as it is being rotated in 
a CW direction, while the arrow marked (b) shows the movement of the 0-1 in. rod. The micrometer scale is read from 
right to left along the sleeve, and the thimble is rotated in a clockwise (CW) direction. 
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Figure 3.23 A modern depth gauge hand micrometer measuring a drill hole in a block of wood. The micrometer scale is 
read from right to left along the sleeve, and the thimble is rotated in a clockwise (CW) direction. 
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Figure 3.24 Readily available gauges and tools that can be used in the study of toolmarks. Top left: Standard wire gauge. 


Top right: Drill gauge. Bottom left: Screw thread gauge. Bottom left: Combination square. Bottom right: A GAGE-IT 
hardware gauge is capable of making an enormous array of different measurements. 
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within this toolmark are being measured with two dif- 
ferent styles of protractors. 

Now that you have started to acquire a basic knowl- 
edge of how to make accurate and precise measurements 
of tools and toolmarks on a macroscopic scale, Chapter 
4 will cover measurement of tools and toolmarks with 
the microscope and ocular micrometers. 
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Loose fit 


Figure 3.25 The test wire is placed into appropriate size gauge opening slots until a snug fit is achieved. 
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Figure 3.27 A portion of a brass-plated door lock plate with several lever action (screwdriver) toolmarks scratched into 
its surface. Two angles manifested in this toolmark are measured in Figure 3.29. 
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Figure 3.28 The width of the major toolmark present on the door lock plate is being measured directly with a steel rule 
and a right angle block. 
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Figure 3.29 Measurement of two primary angles, marked 1 and 2. Each is being measured with a different style protrac- 
tor. The first angle (1) is being measured with a ruler style protractor, while the second angle is being measured with a 
steel protractor. Angle 1 measures 60 degrees and angle 2 measures 15 degrees. 


Measurement with the Microscope 


for Toolmark Examination 


Measurement of small linear distances, angles, vol- 
umes, and areas with a compound light microscope is 
known as micrometry. Quantitative measurement with 
a microscope involves the use of various types of ocular 
and stage micrometer scales, a few of which are shown 
in Figures 4.1 to 4.3. In scientific measurements, acquir- 
ing accurate linear dimensions of an object is based on 
the use of standard, calibrated rules, which are traceable 
back to a recognized source, i.e., National Institute of 
Standards and Technology (NIST). Normally, the length, 
depth, and width of an object are determined by placing 
a ruler in direct contact with the object being examined 
and comparing the numerical gradations present on the 
ruler directly with the portion of the object being stud- 
ied. Making measurements at various magnifications 
with a compound microscope is achieved with the use 
of calibrated ocular micrometer rulers in conjunction 
with stage micrometers. The resolving power of the light 
microscope is equal to one-half the wavelength of green 
light (546 nm), or approximately 273 nm or 0.273 um. 
Linear distances smaller than 0.273 um cannot be 
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Figure 4.1 Three reflected light stage micrometers. At the 
top left is a Leitz metric stage micrometer, 1 mm divided 
into 1/100 mm; each division is equal to 10 pm. At the top 
right is an Olympus stage micrometer, 0.4 in. divided into 
forty equal divisions, each equal to 0.001 in. The accuracy 
of the metric and standard stage micrometers was cali- 
brated with an Applied Image™, Inc., NIST-certifiable and 
-traceable number SM-3-P-OP microstage micrometer. 
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resolved with light microscopy. In toolmark exami- 
nations this is of little consequence because the linear 
distances normally measured are much larger than the 
resolving limits of the microscope. 

The same rationale used to obtain the linear dimen- 
sions of an object based on the use of standard calibrated 
rules can be applied directly to the measurement of the 
dimensions of the minute specimens being observed 
with a compound light microscope. Length and width 
dimensions of microscopic-sized specimens can be 
obtained with an ocular micrometer that has been cali- 
brated with a stage micrometer. Figure 4.4 shows the 
placement of a micrometer at the ocular’s intermediate 
image plane. Next, values are assigned to the ocular’s 
equally spaced, arbitrary divisions, by calibration with 
a standard stage micrometer. 

In Figure 4.5, a stage micrometer (SM), which contains 
a 1 mm ruler, etched into a highly polished metal surface 
and divided into one hundred equal divisions, each equal 
to 10 um, is being imaged with a stereomicroscope. At 
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Figure 4.2 An ocular micrometer with fifty equally spaced 
divisions. The value of one ocular micrometer division is 
calibrated with one of the stage micrometers for each objec- 
tive lens present on a reflected light microscope or each 
zoom position on a stereomicroscope. 
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the top-middle portion of this figure is an eyepiece that 
contains an ocular scale whose arbitrary divisions will be 
assigned values by calibration with the stage micrometer 
shown at the bottom. On the right of Figure 4.5 are shown 
enlargements of the stage micrometer, and images of both 
the stage and ocular micrometers. Shown in Figure 4.6 is 
the alignment of the image of the stage micrometer’s lines 
with the ocular micrometer’s lines. After aligning these 
lines as one would align a vernier scale, one counts the 
number of ocular micrometer divisions that align with a 
number of staged micrometer lines. 

To determine the micrometer (1 um = 1x 10° m) 
value of each ocular micrometer division (OMD), the 
equation shown in Figure 4.7 is solved for one OMD. 
This process is repeated for each zoom setting on your 
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Figure 4.3 Four different ocular micrometers: top left, a pro- 
tractor and two known linear distances; top right, a circular 
protractor; bottom left, a linear distance; and bottom right, 
known linear thickness in the form of a solid bar or two lines. 
These ocular micrometers do not have to be calibrated. 
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Figure 4.4 The placement of an ocular scale at the inter- 
mediate image plane of the eyepiece. 
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stereomicroscope, and each objective on your reflected 
light compound stereomicroscope, as seen in Figure 4.8. 
The measurement of the diameter of a piece of thin 
copper wire is illustrated in Figure 4.9. First the image of 
the calibrated ocular micrometer is superimposed over the 
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Figure 4.5 A stage micrometer (SM) that contains a 1 
mm ruler, etched into a highly polished metal surface 
and divided into one hundred equal divisions, each equal 
to 10 um, is being imaged with a stereomicroscope. At 
the top-middle portion of this figure is an eyepiece that 
contains an ocular scale whose arbitrary divisions will be 
assigned values by calibration with the stage micrometer 
shown at the bottom. On the right are enlargements of the 
stage micrometer and images of both the stage and ocular 
micrometers. 
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Figure 4.6 The alignment of the image of the stage 
micrometer (100) with that of the ocular micrometer (33). 
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image of the specimen with the stereomicroscope’s zoom 
knob set to position 5. The number of ocular microm- 
eter divisions aligned with the edges of the copper wire 
are counted and then multiplied by the calibrated value 
of one OMD with the microscope set to the five zoom 
position (see Figure 4.8) to determine the wire’s diameter 
(1,308 tm or 1.31 mm). The approximate accuracy of this 
method is between 2 and 8 tum, depending on the quality 
of the optical components employed, the magnification 
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Thus, one ocular micrometer division (OMD) 
equals 30.0 um for this particular zoom setting 
for this stereomicroscope. 


Figure 4.7 The computation of the micrometer value for 
each ocular micrometer division. 
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Figure 4.8 The computation of the micrometer (1m) value 
for several zoom settings (3, 5, and 6.3) for this stereomicro- 
scope. As the magnification increases, the value for each 
ocular micrometer division decreases. 


used, the resolution and quality of the stage and ocular 
micrometers, as well as the skill of the examiner calibrat- 
ing the system. In Figures 4.10 and 4.11 ocular microm- 
eters are used to measure the angle and width of striations 
made by a screwdriver on a piece of metal. 


Calibration of an Ocular Micromter (OM) 


Measurement with a calibrated OM 


Figure 4.9 Measurement of the diameter of a copper wire. 
The image of the calibrated ocular micrometer is superim- 
posed over the image of the specimen with the stereomicro- 
scope’s zoom knob set to position 5. The number of ocular 
micrometer divisions aligned with the edges of the copper 
wire are counted and then multiplied by the calibrated value 
of one OMD with the microscope set to the 5 zoom position 
to determine the wire’s diameter (1,308 pm or 1.31 mm). 


Figure 4.10 A protractor ocular micrometer is used to 
measure the angle of striations made by a screwdriver on a 
piece of metal. 
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A Filar micrometer is a specialized eyepiece with a 
movable line set and a fixed vernier scale in the form of 
a graduated ocular scale typically divided into one hun- 
dred divisions. The movable line set and the fixed gradu- 
ated ocular scale are housed in a drum-shaped eyepiece 
fitted with a graduated, rotatable micrometer knob. 
The micrometer screw is also divided into one hundred 


Figure 4.11 Shown are three ocular micrometers that can 
be used to measure the width of striations made by a screw- 
driver on a piece of metal. 
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Figure 4.12 (Top) A Filar eyepiece micrometer with its 
primary component parts. (Bottom) A conventional Filar 
micrometer eyepiece mounted in the right ocular tube of 
the microscope. The image on the right depicts the mov- 
able line set (white arrow) and the Filar micrometer (blue 
arrow) aligned with the stage micrometer (red arrow). 
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intervals, so that one division corresponds to 0.1 interval 
of the eyepiece scale. One full rotation of the microm- 
eter knob moves the measuring rule (line) across one 
interval of the eyepiece scale. An adjustable diopter is 
available to obtain a clear image of the movable line set 
and graduated scale. Filar micrometers are engineered 
to obtain precise measurements (see Figure 4.12). 

To make a measurement, a reference line on the 
movable line set is aligned to the edge of the specimen; 
next, a reading of the knob is noted. The drum is then 
rotated to move the reference line across the specimen 
feature, and a second reading is taken on the drum 
scale. The difference between the two readings yields 
an apparent linear dimension of the specimen feature 
measured, and when calibrated with a stage microm- 
eter, enables an absolute determination of the feature 
size. Figure 4.13a shows a Filar micrometer attached to 
a metering system to the desired magnification range 
(5x), and Figure 4.13b illustrates the parts and calibra- 
tion check of a Filar micrometer outfitted with a digital 
metering system. First, the metering system is set to the 
desired magnification range (5x) and the units of mea- 
surement (inches). Next, the desired zoom value is set, 
and the microscope is focused until a sharp image of the 
stage micrometer is obtained. Next, the movable line set 
is aligned with the first division of the stage micrometer. 
The meter should now read +000.0. Next, the drum knob 
is rotated; this action causes the movable line to travel 
from left to right across the image of the stage microm- 
eter. Finally, stop at the desired stage micrometer divi- 
sion and take a meter reading. In the example shown in 
Figure 4.13b, the movable line set traversed twenty stage 
micrometer divisions, or twenty thousandths of an inch, 
the exact value covered on the stage micrometer and 
recorded on the meter. After calibration this unit can be 
used to make extremely accurate and precise measure- 
ments of linear distances. 

Thetoolmaker’s microscope is capable of viewing and 
measuring linear distances, diameters of holes, thread 
angles, thread pitch, tool edges, tool wear surfaces, and 
much more. The toolmaker’s microscope acquires its 
name from its main function of measuring and viewing 
the edges of tools and worn surfaces in the tool and die 
maker’s industry. However, these microscopes are great 
for doing general micromeasurements. They have x-y 
stage micrometers that allow for precise measurement 
of linear distances and circles. The crosshair scale in the 
eyepiece gives a precise point of reference as the micro- 
scope’s stage is moved, and the stage micrometers are 
used to provide readouts for the distance traversed. 

Precise measurement of lengths, diameters, and 
distances is important for many applications in indus- 
try as well as in toolmark examination. Common tools 


Measurement with the Microscope for Toolmark Examination 47 


and equipment are measuring microscopes and vernier 
calipers. The two major measurement standards are the 
English system and metric system. A manual or digital 
vernier caliper is able to give basic measurements. The 
English measuring system unit of precise measurement 
is 1/1,000 in., while the metric unit of measurement is 
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Figure 4.13 (a) A Filar micrometer attached to an elec- 
tronic, digital metering system. (b) A calibration check of 
a digital Filar micrometer set at the 5x metering position, 
with the microscope set to the 5 zoom position. The mov- 
able line set in this diagram is colored red for demonstra- 
tion purposes; normally, it is black. First, set the units of 
measurement being utilized (inches). Next, set the desired 
zoom knob position (5), and then focus the microscope until 
a sharp image of the stage micrometer is obtained. Next, 
align the movable line set of the Filar micrometer with the 
first division on the stage micrometer. The meter should 
now read +000.0. Then, rotate the micrometer’s drum knob; 
this action will cause the movable line set to travel from left 
to right. Next, stop at the desired stage micrometer division 
and take a meter reading. In the above example the mov- 
able line set traversed twenty stage micrometer divisions, or 
twenty thousandths of an inch, the exact value covered on 
the stage micrometer and recorded on the meter. 


a micrometer (1 millionth of a meter). Stage microm- 
eters are also used for reference measurements and to 
calibrate the magnification of toolmakers’ microscopes 
(see Figure 4.14 for an example of a modern toolmaker’s 
microscope). 

Finally, all high-end modern stereomicroscope units 
have digital imaging systems available with software 
that enables them to be used to make precise measure- 
ments at various magnification settings. These systems 
require calibration with standard references. However, 
once calibration is achieved, they are capable of making 
very accurate measurements of minute structural fea- 
tures. Figure 4.15 illustrates the calibration of a Nikon’ 
digital image system with a NIST-traceable rule. The 
calibration and use of these systems varies from manu- 
facturer to manufacturer; thus, calibration will only be 
discussed in a general manner, while interested readers 
are referred to the manual supplied with their system. 

Before calibration is attempted the imaging system is 
made ready. In Figure 4.15 the 1x plan Apo objective lens 
was removed and replaced with a 0.5x plan achromatic 
objective lens. This will increase the allowable work- 
ing distance that is needed because the specimens to be 
examined are a large piece of pipe and large wrenches. 
Next, the reference rule is placed on the stage, and a 
sharp image of the rule is obtained at low magnification. 


Figure 4.14 A toolmaker’s microscope with its x-y stage 
micrometers. 
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Figure 4.15 In order to calibrate the system, a reference 
rule is placed on the stage (left), and a sharp image of the 
rule is obtained at low magnification (top right). Next, the 
microscope is positioned to the desired setting (position 2), 
and the image of the rule is adjusted. Then the calibration 
menu is accessed and a line is drawn from one division on 
the rule to the desired division (middle right). The numeri- 
cal value and the units of measurement for the traversed 
distance (1,000 um) are inputted into the computer and 
saved bottom right and top middle. 


Then, the microscope’s zoom knob is positioned at the 
desired setting (position 2), and the image of the rule is 
sharply focused. Next, the calibration menu is accessed 
and a line is drawn from one division on the reference 
rule to the desired division. The numerical value and the 
units of measurement for the traversed distance are then 
inputted into the computer and saved. 
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Figure 4.16 Some of the measurements that can be easily 
made with a modern stereomicroscope and a state-of-the- 
art digital imaging system. 


Next, a reference rule is utilized to check the accu- 
racy of the system. Once the system’s accuracy has been 
checked, the unit is ready to make measurements at the 
calibrated settings. It is important to remember that the 
system must be calibrated for each group of magnifica- 
tion settings. Most systems are capable of storing five 
to ten magnification combinations. Figure 4.16 depicts 
some of the various kinds of measurements that can 
be achieved with these systems, a useful tool to have 
available when conducting toolmark investigation. 
This type of system will be demonstrated throughout 
this text. 


Collection and Documentation 


of Toolmarks 


Toolmarks are a valuable form of physical evidence. 
The discovery of toolmarks during the investiga- 
tion of property crimes such as burglary and violent 
crimes such as robbery, assault, and homicide is often 
germane to their successful resolution. The classifica- 
tion of a tool used in the incident can frequently be 
surmised by the thorough documentation, collection, 
examination, and study of the toolmarks left behind. 
When questioned toolmarks are found during a search 
of a crime scene, they should be photographed without 


Figure 5.1 Overall photograph of door with questioned 
toolmarks. 


delay. Several photographs of each set of toolmarks 
should be taken. The first photograph should show the 
overall location and setting of the toolmarks in ques- 
tion. The next exposures should be of an intermediate 
location depicting the toolmarks in the area where they 
were discovered. Finally, close-up photographs should 
be made of the questioned toolmarks. The intermedi- 
ate and close-up photographs should be taken with and 
without a ruler (see Figures 5.1 to 5.4). When taking 
close-up photographs of toolmarks, the camera should 
be mounted on a tripod, leveled, and held parallel to 
the plane of the surface being photographed. 

Today, digital photography is replacing conven- 
tional photography in the majority of disciplines, foren- 
sic science included. Since photography is of paramount 
importance in the documentation of toolmark evidence, 
key aspects of photography relevant to both conven- 
tional (film) and digital photography will be discussed 
in some detail below. 

The 35 mm single-lens reflex (SLR) camera is the pri- 
mary class of camera currently used at crime scenes and 
in the forensic laboratory. The SLR camera enables one 
to view the subject directly through the lens. This fea- 
ture allows you to preview exactly what will be recorded 


Figure 5.2 Intermediate photograph of door jamb with 
questioned toolmarks. 
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Figure 5.3 Close-up photograph of subject toolmark pres- 
ent on the door jamb. 
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on the film or digital sensor. Most, if not all, modern 
SLR cameras have automatic exposure features. These 
cameras have internal metering systems that measure 
the intensity of the light on the subject and automati- 
cally set the shutter speed and lens aperture opening 
(f-stop) for a given film speed (ISO) setting (typically 
200). In addition to several different automatic modes, 
modern SLR cameras typically have a manual exposure 
mode that allows one to set the film speed or ISO, the 
f-stop, and shutter speed, thus giving total control to the 
user. Figure 5.5a depicts a modern professional digital 
camera. Figure 5.5b illustrates some of the important 
features of a modern, professional, digital SLR (DSLR) 
camera. The control panel (frame 1) displays the bat- 
tery level, shutter speed, aperture stop value, number 
of available exposures, white balance setting control, 
shooting mode, and many other important aspects 
involved in taking quality photographs. The shooting 
mode dial (frame 2) allows the user to choose between 
full automatic operation and other modes, such as full 
manual (M) operation or shutter priority (S) mode, in 
which the user chooses the shutter speed while the cam- 
era selects the aperture that will attain the best exposure. 
The shooting mode dial also allows for user control over 
film speed (ISO), white balance (WB), and several other 
important exposure controls. Frame 3 shows where the 
available lens’ apertures are displayed on the lens, while 
frame 4 depicts focus distance readings. Finally, frames 
5 and 6 show the shutter release button (5) and the auto- 
focus assist illuminator (6). 

The use and application of SLR camera lenses for 
obtaining various images of the same subject are nor- 
mally explained in regards to their focal lengths. A lens 
with a focal length of 50 mm is typically referred to as 


Figure 5.4 When taking close-up photographs, the camera 
should be mounted on a tripod, level, and held parallel to 
the plane of the surface bearing the toolmarks. Photographs 
should be taken with and without a scale. 
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Figure 5.5 (a) A modern digital SLR (DSLR) camera. (b) A 
modern DSLR camera with some of its important features. 
The control panel (frame 1) displays the battery level, shut- 
ter speed, aperture stop value, number of available expo- 
sures, white balance setting control, shooting mode, and 
other important aspects involved in taking quality photo- 
graphs. The shooting mode dial (frame 2) allows the user to 
choose between full automatic operation and other modes, 
such as full manual (M) operation or shutter priority (S) 
mode, in which the user chooses the shutter speed while 
the camera selects the aperture that will attain the best 
exposure. The shooting mode dial also allows for user con- 
trol over film speed (ISO), white balance (WB), and several 
other important exposure controls. Frame 3 shows where 
the available lens’ apertures are located on the lens ring, 
while frame 4 depicts focus distance readings. Finally, 
frames 5 and 6 show the shutter release button (5) and the 
autofocus assist illuminator (6). 
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a normal focal length lens because it produces an image 
that mimics human vision. In other words, a 50 mm 
focal length lens produces an image of a subject that 
appears the same as the image a person would perceive 
when looking directly at the same subject. Lenses with 
short focal lengths (e.g., 18 to 35 mm) are normally used 
to take wide-angle views of a subject, while lenses with 
focal lengths between 35 and 50 mm are employed to take 
so-called normal views. Lenses that have longer focal 
lengths (e.g., 100 to 135 mm) are employed to produce 
larger images of the same subject, and lenses with focal 
lengths greater than 135 mm are employed to take close- 
up views of the subject. When using a given format size 
as the focal length of the lens used increases, the view- 
ing angle decreases, thereby resulting in an increase in 
image size. Figures 5.6a—c shows a series of photographs 
taken at the scene of a burglary. Note as the focal length 
increases, the viewing angle decreases and the subject’s 
size increases. This series of photographs was taken with 
a 28 to 300 mm zoom lens. The author believes that a 
telephoto lens with a range from 18 to 300 mm is ideal 
for crime scene work, especially that involving toolmark 
evidence. This lens allows for the taking of a wide range 
of high-quality photographs, from wide angle to close- 
ups from the same location, with no changing of lenses, a 
minimum of photographic equipment, and most impor- 
tantly, documentation of the untouched pristine crime 
scene. Only when high-resolution photographs need to 
be taken of small objects is it necessary to change this 
lens. In these instances, a fixed-focal-length, macro lens, 
capable of 1:1 photographs, should be used (e.g., 60 mm). 
Examples of photographs taken with a 60 mm macro 
lens are displayed in Figures 5.7a-c. 

The shutter speed and the aperture or lens’ open- 
ing are the two camera controls that allow the user to 
regulate the quantity of light that reaches the film plane. 
When the user rotates the aperture control ring on the 
outside of a lens, the size of the lens opening formed by 
the sliding metallic leaves composing the internal dia- 
phragm mechanism changes. The opening in the dia- 
phragm can become larger, and allow more light to reach 
the film plane, or smaller, and result in less light reaching 
the film plane. Lens openings, or aperture settings, are 
designated as f-stops. F-stops range in size from larger 
lens opening to smaller lens opening, typically start- 
ing at f/2.8, and then decreasing by one full stop incre- 
ments to f/5.6, f/8, f/11, f/16, f/22, and f/32. The size of 
the aperture or f-stop also determines how much of the 
image will be in sharp focus—an effect known as depth 
of field. As the lens opening or f-stop gets smaller, the 
depth of field increases, resulting in more of the subject 
from front to back being in sharp focus. One drawback 
to decreasing the lens opening in order to increase depth 
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of field is that each incremental decrease in f-stop from 
larger to smaller opening results in halving the amount 
of light that reaches the film plane. Thus, in order to 
maintain the same exposure level, the shutter speed 
must be increased by one increment. Figure 5.7a-c illus- 
trates the process of increasing the lens’ f-stop in order 
to increase the image’s depth of field while increasing 
the shutter speed in order to maintain the same degree 
of exposure. 

Light and lighting are an integral part of taking 
high-quality crime scene and toolmark photographs. 
The color quality and directionality of the light affect 
many aspects of the resulting images taken of a sub- 
ject. The color temperature of the light affects the color 
reproduction of a subject’s color by both color film 
and digital sensors. Therefore, for either film or digital 
photography, the system must be balanced for daylight. 
When color film is employed, this can be achieved 
by taking the photographs in sunlight, indoors with 
a flash, with special color-balanced film, or by using 
color balance or color-compensating filters. In digital 
photography, this is achieved with the camera’s soft- 
ware program. The direction of light and the ability 
to control light’s direction are vital skills for a foren- 
sic photographer to possess. The ability to control the 
directionality of light enables one to show parts of 
crime scenes that are hidden by heavy shadows, reduce 
or soften shadows when photographing objects, and 
enhance the textural appearance of an impression or 
set of striations. Figure 5.8a and b illustrates the effects 
overhead lighting and lighting too close to the camera 
can cause. When lights are placed too close to the cam- 
era or directly above the subject, often harsh reflec- 
tions, hot spots, and glare can obscure the fine details 
within the subject. These effects can often be corrected 
by using a diffusing filter to soften the light, using a 
polarized light filter to reduce glare, and changing the 
angle or position of the light source. 

Moving and lowering the light source away from 
the camera while changing the angle of the illumination 
to 45 degrees will often reduce or eliminate problem 
reflections and glare (see Figure 5.9a and b). In addition, 
oblique angular lighting is used to enhance the surface 
details of objects or toolmarks, as shown in Figure 5.10. 

The use of tent lighting and the demonstrated light- 
ing techniques to eliminate reflections and shadows 
when photographing reflective surfaces with toolmarks 
or small objects is highly recommended by the author. 
These techniques are useful, relatively easy to utilize, 
and cost-effective methods to achieve sharp, high-qual- 
ity, high-resolution, shadow-free images. Several tech- 
niques for tent lighting, in combination with varying 
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Figure 5.6 (a) An overall photograph of a burglary crime scene taken with a 28 mm ff lens. (b) An intermediate photo- 
graph of a burglary crime scene taken with a 135 mm fl lens. (c) A close-up photograph of a burglary crime scene taken 


with a 300 mm fl lens. 
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(1) its numerical designation increases 

(2) the amount of light that reaches the film plane halves 

(3) the shutter speed doubles for the same resulting exposure 
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Figure 5.7 (a) Increasing the lens’ /-stop in order to increase the image’s depth of field will increase shutter speed in 
order to maintain the same degree of exposure. Note in the image on the left, taken with f/-stop 5.6, only the top ruler is 
in sharp focus, while in the image on the right, taken with f-stop 22, both rulers are in sharp focus. The distance between 
both rulers is 60 mm. (b) This photo illustrates the effect of increasing the lens’ f-stop in order to increase the image’s 
depth of field while increasing the shutter speed in order to maintain the same degree of exposure. Note in the image on 
the left, taken with f-stop 2.8 at 1/250 s, the hammer’s face is in sharp focus and the ruler is blurry, while in the image 
on the right, taken with f-stop 32 at % s, both the hammer’s face and ruler are in sharp focus. The distance between the 
ruler and hammer’s face is 70 mm. (c) The effect of increasing the lens’ f-stop in order to increase the image’s depth of 
field while increasing the shutter speed in order to maintain the same degree of exposure. Note in the image on the left, 
taken with f-stop 4 at 1/500 s, only the top ruler is in sharp focus, while in the image on the right, shot with f-stop 22 at 
1/30 s, both rulers are in sharp focus. The distance between both rulers is 18 mm. 
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Figure 5.8 (a) When lights are too close to the camera or directly overhead, harsh reflections, hot spots, and glare can 
obscure fine details in the final image. These effects can often be corrected by using a diffusing filter, using a polarized 
light filter to reduce glare, changing the angle, or changing the position of the light source. (b) A door knob photographed 
with overhead lighting. Note the severe effects of the resulting glare, hot spots, and reflections. 


(a) 


Figure 5.9 (a) Moving and lowering the light source away from the camera while changing the angle of the illumination 
to 45 degrees will often reduce or eliminate problems with reflections and glare. (b) The reduction in glare and reflection 
achieved by changing the angle of the illumination to 45 degrees. 


lighting techniques, can enable the examiner to achieve 
the best image, as seen in Figure 5.11. 

When acquiring digital photographs of toolmark 
evidence, the following procedure is recommended by 
the author for general crime scene photographs: (1) a 35 
mm SLR digital camera with a complementary metal 
oxide semiconductor (CMOS) chip, (2) a zoom lens with 
a focal length range from 18 to 300 mm, (3) a film speed 


of ISO 200, (4) a 10-12 megapixel file size, and (5) raw 
or tiff file formats. When taking close-up or macro pho- 
tographs of toolmarks, use a macro lens (e.g., Nikon 60 
mm f/2.8D Micro-Nikkor™ lens). Finally, forensic pho- 
tography is a very complex subject; the interested reader 
is referred to the literature.'~> 

Casting is an important collection procedure often 
used to collect toolmarks in situ at crime scenes. Over 
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the years, the author has researched dozens of media for 
casting toolmarks. Mikrosil’, a two-part epoxy resin, has 
been found to be the most versatile commercially avail- 
able preparation for this purpose. Mikrosil comes in 
several colors: white, black, gray, and brown. The author 


Figure 5.10 Oblique angle lighting is useful for bringing 
out the texture present in an object or toolmark. 
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prefers the brown color of Mikrosil because of the supe- 
rior contrast obtained during stereomicroscopic study. 
Mikrosil is easy to use both at the crime scene and in the 
laboratory setting. When it is time to cast the questioned 
toolmark, the amount of Mikrosil resin needed to cover 
the area to be cast can be easily estimated, as depicted 
in Figure 5.12. A piece of wax paper, which is provided 
in the kit, is placed on top of a clean paper towel. The 
required amount of resin is dispensed from the squeeze 
tube, and an equal length of hardener is applied adja- 
cent to the resin, as shown in Figure 5.13. Figure 5.14 
illustrates the mixing and application with a spatula. 
Test to see if the resin is ready to peel off the test surface 
by removing the excess resin from the spatula (as seen 


Figure 5.11 (a) An inexpensive, commercially available, and easy-to-use tenting device set up on a standard MP5 copy 
stand. (b) A makeshift tent made from poster board, Velcro®, and white deli paper. (c) Tenting reduces shadows, glare, 
hot spots, and reflections when photographing metallic, shiny surfaces. (d) An improvised tent made from deli paper and 
wrapped around a hammer head’s face to reduce reflection and bring out surface striations. 
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Figure 5.11 (e) One should experiment with lighting and 
tenting techniques to achieve the best image. 


Figure 5.12 The author’s quick and simple method to 
estimate the quantity of resin needed to cast the entire area 
of interest. 
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Figure 5.13 Dispensing Mikrosil resin (top) and hardener 
(bottom). 
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in Figure 5.15), and then remove the casting material 
from the test area and photograph as demonstrated in 
Figure 5.16. The completed cast (Figure 5.17) is ready to 
be packed for removal to the laboratory. 

Mikrosil can also be used to cast screw holes and 
drill holes. The mixed resin is placed into an appropriate 
size syringe with a spatula and then slowly pumped into 
the subject hole. The resin is allowed to set and the cast 
is carefully removed. The process is demonstrated in 
Figures 5.18 and 5.19. 

Finally, when all documentation of the crime scene 
is completed, and packaging of the toolmark evidence 
removed from the crime scene is to begin, consider the 
following constructs: 


Figure 5.14 (1) Thoroughly mix the resin and hardener 
with a spatula. (2) Apply the resin mixture to the area with 
a spatula. (3) Cover the entire area of interest. With practice, 
the whole process should take approximately 5 to 10 min. 


Figure 5.15 (1) Test to see if the resin is ready to be peeled 
off the test surface by removing the excess resin from the 
spatula. (2) If ready, proceed to gently remove the resin 
from the test area. 
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1. Air dry all biological evidence, such as blood or object and package in a separate container 
stains on tools or other objects, prior to packag- (e.g., a druggist fold). 
ing in a paper-based container. 

2. Remove any loose trace evidence from the tool 


3. If possible, send the object with the toolmarks 
to the laboratory for examination. 

4, Never package suspect tools with objects con- 
taining questioned toolmarks; always package 
in separate paper-based containers. 

5. Package each tool in a cardboard box and secure 
with plastic ties to limit movement. 

6. Seal each cardboard box with evidence tape and 
mark for identification. 

7. Mark each item for identification with complete 
information of the item’s recovery on the outer 
packaging (who, what, when, where, and why). 


Quickly place mixed 
Mikrosil®into a syringe 


Figure 5.16 (3) Remove the entire cast from the subject 
area and photograph the removed cast. 
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Figure 5.18 The mixed Mikrosil resin is placed into an 
appropriate size syringe with a spatula and then slowly 
pumped into the subject hole. The resin is allowed to cure. 
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Figure 5.19 The cured Mikrosil is then carefully removed 
from the subject hole. A comparison of the Mikrosil cast of 
Figure 5.17 A cast removed from the subject area. the hole and the questioned screw is shown on the right. 


58 Color Atlas of Forensic Toolmark Identification 


References 3. Sansone, S. J. 1977. Police photography. Cincinnati, OH: 
Anderson, Inc. 
1. Scott, C. C. 1969. Photographic evidence. 2nd ed., 3 vols. 4, Blitzer, H. L., and Jacobia, J. 2002. Forensic digital imag- 
St. Paul, MN: West Publishing Co. ing and photography. New York: AP. 


2. Meritt, R. L., and Dey, L. M., Eds. 1976. Using photography 5. Petraco, N.,and Sherman, H. 2006. Illustrated guide to crime 
to preserve evidence. Rochester, NY: Eastman Kodak Co. scene investigation. Boca Raton, FL: Taylor & Francis. 


Preparation of Toolmark Standards 


During the commission of crimes, tools may be employed 
for a range of purposes. Tools are used in burglaries to 
force entry into premises, in arson and explosion cases to 
make bombs and incendiary devices, in robberies to alter 
weapons and remove serial numbers, and in kidnappings 
and smuggling to construct containers to imprison people 
or conceal contraband. Tools are used in sex crimes and 
homicides to cut off clothing; cut wire, phone cords, tex- 
tiles, and rope to use as ligatures or restraints; beat, stab, 
or otherwise assault victims; cut throats, chop off heads, 
and dismember bodies. As the forensic literature demon- 
strates, the examination and comparison of the marks left 
by tools to aid in the solving of crimes in which tools were 
used have a long history.!*° 

Although there is an endless diversity of tools and 
their marks, there are only three primary ways tool- 
marks are formed by tools: (1) impressing (leaving a 
mark or imprint on a softer surface by applying pres- 
sure), (2) puncturing (piercing an object, leaving a hole 
or the outlined trace of a hole or opening), and (3) 
scratching (marring the surface of an object by rubbing 
or sliding an instrument laterally or up and down in an 
even or erratic manner upon an object’s surface). In real 
life, toolmarks are typically formed by a combination of 
any two or all three of these processes. 

Impression marks are produced when a tool’s work- 
ing surface is pressed into the surface of a softer material 
in such a manner as to leave a negative impression of the 
tool’s working surface class characteristics and wear or 
damage features. Examples of tools that commonly leave 
impression marks are wrenches, stamps, and seals (see 
Figure 6.la and b). Puncture marks or outline marks are 
created when something or someone is pierced or per- 
forated with an implement (e.g., a bullet hole, as seen in 
Figure 6.2). Scratch marks are produced when a tool’s 
working surface is caused to slide laterally along the sur- 
face of a softer material, in the shape of narrow grooves 
or channels in the form of a random pattern of striations 
(see Figure 6.3). Combination toolmarks are a merger of 
two or more of the toolmark producing processes (see 
Figure 6.4). 

In cases involving toolmark examination and com- 
parison, it is always important to record and document 
a toolmark’s morphology, as well as its exact location 
and position, relative to other toolmarks and the overall 
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crime scene. After documentation is completed, it is 
always preferable to remove the object(s) containing the 
toolmarks for laboratory study, examination, and com- 
parison with standards made from the suspected tool 
(see Chapter 6.5 of De Forest et al.”4). 

Scientific investigations involving the use of tools; the 
presence, classification, and interpretation of toolmarks; 
the authentication of artifacts from toolmarks; and the 


Figure 6.1 (a) A casework example of impressions made 
on a pipe bomb by a plumber’s wrench. (b) A casework 
example of impressions made on a lead seal. 
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association of a particular tool with a group of questioned 
toolmarks are often quite difficult and challenging. Prior 
to any conclusion regarding how the questioned toolmarks 
were made, and well before any comparison standards are 
prepared, a complete and thorough study of the suspect 
tool and toolmarks should be conducted. The methods of 
study are discussed in chapters throughout this text. The 
data collected during the preliminary examination should 
be recorded on a data sheet (see Figure 6.5). Any trace evi- 
dence on the questioned tool should be documented, col- 
lected, ifloose; or safeguarded and secured (see Figure 6.6). 


Figure 6.2 Puncture type toolmarks caused by bullets 
perforating a man’s skull. 


Figure 6.3 An example of scratches made on a metal seal 
medallion in order to obliterate or obscure a serial number. 


Color Atlas of Forensic Toolmark Identification 


The primary objectives of the preliminary study are to 
collect data in order to determine: (1) the kind of material 
or substrate the questioned (Q) marks were made on; (2) 
the physical dimensions and properties of the substrate 
material; (3) the size, shape, style, and classification of the 
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Wood from door forced into building 


Figure 6.4 Casework example of a combination of tool- 
marks containing two or more elements both impression 
and scratching or scraping type toolmarks, displaying the 
class patterns of slotted screwdrivers and a pry bar. 


Q Tool Mark Data Sheet 
(1) Substrate Material: 
(2) Dimension: 
Length Depth 
Width Angle 


Thickness. 


Overall Dimensions 


Diameter 


(3) Overall Geometric Shape: 
Straight Lines 
Round 


Curved Lines 
Oval 


Triangular 


Square 
Other 
(4) Describe the Application of Tool: 


(5) Suspected Tool Available Class: 
Trace Evidence Present Type: 
(6) Class Mark: 
(Circle) 
(7) Tool Type: 
(Circle) 


Scrape Puncture Combination 
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Figure 6.5 A questioned (Q) toolmark data sheet. The 
data collected during a preliminary examination should be 
noted on a data sheet similar to the one shown. 


Impression 


Preparation of Toolmark Standards 


questioned tool that made the Q marks; (4) how the tool’s 
working surface was applied to the surface of the object(s) 
containing the Q toolmarks; and (5) if the suspect tool (if 
available) could have been used to make the Q toolmarks. 
All the information gathered during the preliminary 
assessments should be utilized in developing a hypothesis 
concerning how the subject tool was used or misused and 
how the questioned toolmarks were produced. 

Once formed, the hypothesis is tested by direct 
comparison of replicated toolmarks made with the 
suspected tool(s) to mimic the questioned toolmarks, 
prepared in accordance with the hypothesis. The test 
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Figure 6.6 Four criminal cases in which important trace 
evidence was found on the tool or substrate involved in 
the case. The trace materials recovered and used in these 
cases were (clockwise) smears of green and white paint, red 
synthetic fibers, lead metal smear, and brown human head 
hair and human blood. 
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Figure 6.7 Top: An annealed copper sheet is placed on an 
antislip pad. Bottom: A pry bar is scraped along the metal’s 
surface to produce known test toolmarks. 
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toolmarks are made on a substrate material that allows 
for the complete and accurate 1:1 replication of the test 
tool’s working surface without causing any deleterious 
change or damage to the working surface of the sub- 
ject tool. Recent published articles introduced the use 
of jeweler’s modeling waxes for the preparation of tool- 
mark standards.*®”’ The use of modeling wax was intro- 
duced, studied, and published by the author in order 
to broaden the scope and add to the list of tested and 
approved materials available to the toolmark commu- 
nity for making known test standards. 

Treatments of materials such as annealing metal 
copper sheets to soften the metal before preparing test 
toolmark standards have also been explored. The copper 
sheet (18 to 20 gauge) is heated with a propane or meth- 
ane air torch until it glows a cherry red color. Next, the 
copper is allowed to slowly air cool. Annealing must be 
conducted in a fire code resistant ventilated hood appa- 
ratus. The resulting annealed copper is many times softer 
than the original copper sheet. Thus, when a tool (e.g., a 
pry bar) is scraped across the annealed copper’s surface, 
toolmarks are more likely to form because the softened 
metal offers less resistance and is easier to work, as seen 
in Figure 6.7. Annealing can also be performed on alu- 
minum sheets, bars, rods, or wire cable stock. Table 6.1 
contains a list of materials that should be or are readily 
available to the toolmark examiner for the preparation 
of known test toolmarks. Figures 6.8 through 6.11 depict 


1 Sheet 
$75145 


Figure 6.8 Pliable lead sheets 12 x 12 in. square, and 42 
in. thick are available commercially and should be supplied 
with a materials safety data sheet (MSDS). 
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some of the materials a forensic laboratory should have 
on hand for the preparation of known test toolmark 
standards. 

When preparing to make toolmark standards with 
a suspected tool, an appropriate sized and shaped piece 
of substrate material possessing the desired properties 
should be selected. Over the years the author has found 
that thin metal sheets made of lead yield, without much 
trouble, reproducible, highly detailed, 1:1 test toolmark 
standards with compression tools such as vise-grips, pli- 
ers, and seals. In Figure 6.12, a 2 in. thick lead sheet is 
wrapped around a 14 in. diameter PVC pipe (to simu- 
late a cast iron pipe) then groove-lock pliers’ teeth are 
compressed into the soft lead metal. Figure 6.13 demon- 
strates the making of vise-grip marks with lead sheeting 
wrapped around a piece of % in. pine. Pine is utilized 


Cast Iron 


PVC 


¥ BRISTOLPIPE PVC 1120 


Figure 6.9 An assortment of pipe sections made of PVC, 
cast iron, galvanized iron, copper, and brass. 


Color Atlas of Forensic Toolmark Identification 


for this purpose because it will give a little, yet provide a 
sturdy support for the lead sheet. 

The preparation of test standards for hatchet, axe, 
drywall hammer, hammers, and other similar tools is 
usually accomplished as follows: A block of hardwood 


__UHFI6 


I Copper Wire\\\ 
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Various Diameters and 
Gauges of Cu° & Al Wire 


Figure 6.10 An assortment of wire for the preparation of 
test toolmark standards. 


Table 6.1 Materials That Should Be on Hand or Readily Available to the 
Toolmark Examiner for the Preparation of Known Test Toolmarks 


Objects Sizes Composition 
Metal sheets Ys2 in. thick, 12 x 12 in. Pb, Cu, Al, brass 
Pipes % to 3 in. diameter Al, Cu, Zn, Fe— 

cast, brass, PVC 
Phone wire 1/8 in. 4 strands, Cu, covered 
Appliance wire 1/8-% in. Single and multistrand covered 
Bone — Animal, human 
Wood blocks Various Soft and hard 
Plywood Y4—-Y> in. — 
Wall board Y%—-Y in. thick Gypsum, concrete 
Brake hose Ya in, Synthetic rubber 
Tire Sections — 


Jewelry modeling wax 
Sculpture wax 
Sculpture clay 


Various shapes 
21b 
2 Ib 


Soft, medium, hard 
Soft Red 
Plastilina No. 2 
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is placed on a piece of % in. polypropylene sheeting 
cushioned with a piece of shock-absorbing membrane 
and a rubber pad, all positioned on top of a worktable 
(Figure 6.14). The substrate material is then struck with 
the subject tool in the hypothesized manner. Depending 
on the type of tool being studied and the substrate mate- 
rial, the questioned toolmarks are found on, red wax, as 
well as other substrate materials, can be substituted for 
the hard wood. In Figure 6.15, a block of soft red sculp- 
ture wax was used as the substrate to make hammer face 
marks without any prior preparation. In some instances, 
the outer surfaces of the chosen modeling wax may have 
to be made free of surface marks, scuffs, cuts, scratches, 
dents, and so on. This can be accomplished in several 


Sculpture clay 


matt - carving wax 


Assorted Modeling Wax Shapes 


Figure 6.11 An assortment of materials needed for the 
replication of toolmarks, including modeling waxes, wood, 
and sculpting clay. 


Figure 6.12 Standard test impressions of the teeth of 
Irwin™ groove-lock pliers made on a lead sheet wrapped 
around a section of PVC pipe. 
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ways. The surface of the wax can be gently heated with a 
heat gun and allowed to air cool, as shown in Figure 6.16, 
or the surface of the wax can be made smooth by lightly 
sanding it with a fine-grit sandpaper (200-400 mesh) or 
by filing it with a fine wax file. After sanding or filing, 
any wax shavings should be removed with an air gun. 
Next, any remaining minor abrasions are then removed 
by swabbing the wax with the organic solvent Wax 
Brite®’. (This process is demonstrated in Figure 6.17.) 
Application of these treatments will give the treated 
piece of wax a smooth polished surface. Several of the 
waxes can be reused over and over again, making their 
utilization very cost-effective. 

In some situations, devices used to hold tools in pre- 
cise position are useful in the preparation of accurate 
test standards. In Figures 6.18a and 6.19, a tool holder 
is utilized to hold each one of the subject tools at pre- 
cise angles in order to produce the test toolmarks. Each 
chisel standard is prepared by applying the exemplar 
tools directly to the working surface of a suitably sized 
and shaped piece of substrate material in the manner 
theorized—that both tools were applied to the surface 


Metric 1 


Figure 6.13 Vise-grip teeth marks in lead sheeting wrapped 
over a piece of '4 in. pine. Pine is utilized for this purpose 
because it will give a little, yet provide sturdy support for 
the lead sheet. 
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containing the questioned toolmarks. In Figure 6.18a 
a block of green wax is used as the substrate, while 
in Figure 6.18b a thin sheet of lead is used as the sub- 
strate. In Figure 6.18b excess wax is cleared from the 
toolmarks with a gentle flow of air. In Figure 6.18c 
the reproducibility of the chisel’s striation pattern in 
the green modeling wax is clearly visible. Figure 6.19 
depicts the making of standard screwdriver toolmarks 


Shock 
Aborbing Pad 


Polypropylene Board 


Figure 6.14 The preparation of test standards for hatchet, 
axe, drywall hammer, hammers, and other similar tools is 
usually accomplished as demonstrated above. A block of 
hardwood is placed on a piece of !4 in. polypropylene sheet- 
ing cushioned with a piece of shock-absorbing membrane 
and rubber pad, all positioned on top of a worktable. The 
wood is then struck with the subject tool. 


Claw standard 


Claw Hammer 


Claw —_ 


Standard in wax 


Figure 6.15 Red wax and wood test standards were made 
with a claw hammer in the same manner as the tested 
standards were prepared in Figure 6.14. 
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with an engraver’s tool holding device designed to hold 
the test tool precisely in a compound angular position 
while the tool is being used to prepare test toolmark 
standards on a piece of lead. Not using the engraver’s 
holding tool often results in tool chatter, especially 
when harder metals such as copper or brass are used as 
the substrate material (Figure 6.20). 

Another useful tool for the preparation of toolmark 
standards is a small miter box, which can be used to 
facilitate the cutting of precise angles in wood, wax, or 
metal substrate material (see Figure 6.21). 

Yet another device useful for the preparation of 
test toolmark standards is a small drill guide made by 
General™. Figures 6.22 and 6.23 illustrate the procedure 
for preparing a test toolmark hole while using the General 
drill guide. The drill bit is placed into the chuck, which 
is then tightened with the chuck key. Next, the desired 


Heat gun used to 
melt wax 


Figure 6.16 To remove heavy scratches or dents, gently 
heat wax surface with a heat gun and allow to air cool until 
it returns to its original consistency. Caution: Only melt 
wax in a fire proof well ventilated hood. 
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Rough Surface 


Figure 6.17 Removal of fine surface marks and scratches 
from the surface of a piece of modeling wax. The surface 
of the wax is filed or sanded. Next, any fine abrasions are 
removed by swabbing the wax with the organic wax solvent 
Wax Brite. 
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angle is set on both protractors, which are then locked 
into place. The depth of the drill bit is set by adjusting 
the drill’s depth control, which is then locked into place. 
An electric drill is attached to the chuck’s rod and the 
hole is prepared as demonstrated in Figure 6.23. 

The illustrations presented in Figure 6.24 clearly 
demonstrate the ability of jewelry modeling waxes as 
a substrate for reproducing and retaining class charac- 
teristics, wear patterns, and damage features, as well as 
microscopic size individualizing characteristics. 

Standard drill bit holes are prepared in modeling 
wax with three different types of drill bits: Forstner (F), 
twist (T), and auger (A). The steps are as follows: 


1. Select an appropriate size piece of purple or blue 
wax. 

2. Prepare the toolmarks in the wax as theorized. 

3. For drill bits cut wax with band saw to expose 
toolmarks. 

4. Remove excess wax as necessary. 


Chisel 


Protractors 
adjust angels 


Wax 


Remove waste wax with gentle air flow 


Standard chisel marks made with exemplar tool 


Start 


Direction of tool’s forward motion 


(b) 


Figure 6.18 (a) Preparation of toolmark standards being 
made on a piece of hard green wax. A tool holder with variable 
vertical and horizontal angle adjustment screws is employed 
to make the exemplar toolmarks in the manner suggested by 
Burd and Kirk.”* (b) An air gun is used to gently remove wax 
shavings and dust from the surface of the piece of wax. 
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5. Gently remove veil of obscuring wax with sol- 
vent as necessary. 
6. Mark toolmark standards for identification. 


(©) 


Figure 6.18 (c) Photomicrographs clearly showing the 
reproducibility of microscopic striation patterns: both 
chisel marks were made with the chisel shown in (a) on the 
piece of green modeling wax shown in (b). 


(e 5 Screwdriver 


Figure 6.19 Preparation of screwdriver toolmark standards 
being made on a piece of lead sheet. An engraver’s tool- 
sharpening holder with a variable height adjustment and 
two angle adjustments holds the test tool to make the exem- 
plar toolmarks in the manner suggested by Burd and Kirk.8 
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Figure 6.25 depicts the replication of the same auger 
bit’s class characteristics and striation patterns in purple 
modeling wax. 

The preparation of ball-peen hammer toolmarks is 
demonstrated in Figure 6.26a and b. In Figure 6.26a, a 
ball-peen hammer is caused to strike the surface ofa 1 lb 
block of soft red sculpting wax at an angle of 23 degrees. 
This process was carried out ten times to determine if 
the toolmark standards produced were reproducible. All 
ten toolmarks exhibited the same class characteristics, 
damage marks, and patterns. In Figure 6.26b, photo- 
micrographs of the ball-peen hammer’s face and a tool- 
mark made in red wax are displayed. On the left is the 
head of a ball-peen hammer with its damaged areas; on 
the right is an imprint in wax (No. 10 in Figure 6.26a) of 
the hammer’s head. Note the presence of eight damaged 
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Figure 6.20 Producing chisel toolmarks in copper without 
using an engraver’s holding tool often results in the formation 
of chatter marks. This is especially common when harder 
metals, e.g., copper, are used as the substrate material. 


Cutting angles with a miter box 


Figure 6.21 A miter box is used to cut a 45 degree angle in 
a block of substrate material using a hacksaw. 
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Drill Guide 


Figure 6.22 A drill guide tool being used to hold a test 
drill bit at a 15 degree angle. The drill guide can be adjusted 
from 0 to 45 degrees on either side of the two protractors. 


(b) 


Figure 6.23 (a) A drill guide tool being used to hold a test 
drill bit at a 15 degree angle. (b) A * in. brad point drill bit is 
used to prepare a test hole in a block of walnut. 
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areas within the white circle, and the eight correspond- 
ing damaged areas reproduced in the standard wax 
imprint. 

Sculpture clay, or Roma Italian Plastilina made by 
Sculpture House, is another useful material for repro- 
ducing questioned toolmarks with subject tools. This 
material is available in four different consistencies, from 


Forstner (F) fj 
Twist (T) 
Auger (A) 


Figure 6.24 A depiction of the entire process used to pre- 
pare exemplar standards with purple modeling wax: (1) 
select an appropriate piece of wax; (2) prepare the toolmarks 
in the wax as theorized, and cut the wax with a band saw to 
expose toolmarks; (3) remove excess wax as necessary, (4) 
gently remove veil of obscuring wax with solvent as nec- 
essary, and (5) mark toolmark standards for identification. 
The scales are in mm. 


Three consecutive holes made 
with same 1/2" Auger bit 


Medium wax 


Figure 6.25 Reproduction of three consecutive holes in 
the same piece of jewelry modeling wax with the same 
auger drill bit used to prepare the hole marked A shown in 
Figure 6.24. The scale is in mm. 
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Figure 6.26 (a) A ball-peen hammer striking the surface of 
a block of soft sculpting wax at an angle of 23 degrees. Ten 
toolmark standards were produced for comparison purposes. 
All ten exhibited the same class characteristics, damage 
marks, and patterns. (b) Photomicrographs of the ball-peen 
hammer’s face and the strike mark depict reproducibility of 
damage marks and patterns in red modeling wax. (c) The 
head of a ball-peen hammer with damaged areas, on the 
right is an imprint in wax (No. 10 in (a)) of the hammer’s 
head. Note the presence of eight damaged areas within the 
white circle, and the eight corresponding damaged areas 
reproduced in the standard wax imprint. 
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Figure 6.27 Medium-consistency No. 2 Roma Italian 
Plastilina is used in the production of test standards with 
a subject dagger. Adobe™ PS filter lighting effects option 
was used to make the interior of the bottom right stab 
mark visible. 
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Figure 6.28 (a) Medium-consistency No. 2 Roma Italian 
Plastilina is used in the production of test standards with a 
serrated kitchen bread knife. Note the high reproducibility of 
the knife’s serrations. (b) Additional test standards, made in 
medium-consistency No 2. Roma Italian Plastilina. A slicing 
motion was used to produce the edge slice depicted in the 
middle, while a stabbing motion was used to produce the top 
stab marks. The Adobe PS filter lighting effects option was 
used to make the interior of the top right stab mark visible. 
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Roma plastilina 
Sculpting Clay 2 lb. Block No. 2 Hardness 
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Figure 6.29 (a) The recycling and reuse of used No. 2 Roma 
Italian Plastilina to produce screwdriver striation patterns. 
The old marks are simply removed with a sharp-edged tool 
and the clay reused as shown. (b) Four screwdriver test stri- 
ation patterns produced in No. 2 Roma Italian Plastilina. 
One side of the screwdriver is simply dragged along the sur- 
face of the clay while applying enough pressure to break 
the surface of the material. The tilt angle seems to have 
little effect on the final pattern produced. All four patterns 
possess the same striation patterns. Each side of the screw- 
driver yields different and distinct striation patterns. 
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No. 1 (soft and extremely pliable) to No. 4 (a hard mate- 
rial). All four consistencies conform to ASTM D-4236 
specification and are very safe to use. In addition, this 
material is very easy to use, inexpensive, and reus- 
able, and its shelf life is over 1 year. The medium No. 
2 Roma Plastilina has been found by the author to be 
a very versatile material for the production of test tool- 
mark standards. The material has been used to produce 
test standards with knives (see Figures 6.27 and 6.28a 


Shearing cable cutter 


(b) 


Figure 6.30 (a) Production of a test standard with 10 gauge 
copper cable and a shearing type bolt cutter. Note the side- 
to-side action of the cutting blades. (b) Production of a test 
standard with '4 in. diameter aluminum cable and a point- 
to-point type bolt cutter. Note the sharp point of each piece 
of cut aluminum cable. When bolt cutters are used to cut 
cables, there is normally a residue of the cut material left 
on the cutting blade’s surface. 


69 


and b), screwdrivers, and pry bars (Figure 6.29a and b). 
The test standards produced are 1:1 exact replicas of the 
tool’s features. They will not shrink or change in size or 
details over time unless the material is reworked. 

Finally, copper and aluminum wire strands rang- 
ing in gauge size from 24 to 6 have been used success- 
fully by the author in casework for over three decades. 
In cases that simply involve wire cutters or bolt cutters, 
these materials are useful in reproducing class patterns 
and damage features, as well as fine striation patterns. 
Figure 6.30a and b demonstrates how these materials 
are used to produce test standards to be used in compar- 
ison to questioned toolmarks. In Figure 6.30a, a shear- 
ing type bolt cutter is used to cut copper cable, while in 
Figure 6.30b a point-to-point type bolt cutter is used to 
cut aluminum cable. When bolt cutters are used to cut 
cables, there is normally a residue of the cut material left 
on the cutting blade’s surface. The toolmark examiner 
should always be on the lookout for these traces of metal 
and other material because they often indicate which 
portion of the tool’s blade was used to make the ques- 
tioned cut, thereby making it easier for the examiner to 
produce quality test standards. 

After the study of the questioned toolmarks is com- 
plete and a hypothesis is formed (Chapter 5), and the test 
standards are prepared (Chapter 6), the hypothesis is then 
tested by comparing the questioned and known toolmarks 
microscopically in order to prove or disprove the hypoth- 
esis. Chapter 7 is offered to demonstrate this process. 
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Doing Toolmark Cases 


An important class of physical evidence that is often 
detected during the investigation of crimes is impres- 
sion evidence. One basic variety of this genre of physi- 
cal evidence is toolmarks. Toolmarks are marks or 
patterns of marks that are produced by a tool or object 
while being used. These marks or patterns can be used 
to identify the tool or objected used in a given event. 
The tool may be the object used during the commission 
of a burglary or robbery to gain access into a premises, 
or it may be the weapon used in an assault or homi- 
cide. The type of tool and the manner of use can often 
be determined by a methodical and systematic exami- 
nation of the questioned toolmarks. If a subject tool is 
acquired, known toolmark standards must be made on 
a substrate similar to the one on which the questioned 
marks were found. In addition, the test toolmarks must 
be made in a manner that simulates the production of 
the questioned toolmarks so a meaningful compari- 
son of the questioned and known toolmarks can be 
conducted. In many cases, tiny traces of metal, paint, 
wood, plaster, fibers, polymers, and so on are found on 
the tool’s working surface in the area where the tool was 
applied to the object. These trace materials should be 
collected for study before any test toolmarks are made 
with the subject tool. The examination and comparison 
of these collected trace materials with the questioned 
substrates can often yield conclusive proof to further 
bolster the findings. 

The fundamental purpose of a comparison of the 
subject tool with the questioned toolmarks is to demon- 
strate that the questioned toolmarks were made by a par- 
ticular tool. Even though this end is rarely achieved, the 
final goal should be the identification of the individual 
tool. However, ordinarily the examiner must be content 
with proving that the questioned impression was made 
by a tool of the same class or type (e.g., a type of saw). 

The means of proof in this type of examination is 
by comparing patterns of striations produced by inde- 
pendently formed minute ridges and furrows acquired 
on the tool’s working surface or edge during final pro- 
duction or subsequent sharpening and use. The ridges 
and furrows in turn produce patterns of striations when 
the tool’s working surfaces are scraped or otherwise 
worked upon the surface of an object composed of a 
softer material. In casework, the questioned toolmarks 
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are first studied in detail. Test toolmark impressions 
are then made in the manner it is believed that the sub- 
ject tool was used to produce the questioned toolmarks. 
The test impressions are examined; if the class mark is 
consistent with the questioned class mark, their stria- 
tion patterns are compared and correlated with those 
observed composing the questioned toolmark impres- 
sions. In theory, the greater the percentage of inde- 
pendent striation marks that are common to both the 
questioned and known impressions, the stronger is the 
proof that they were made by the same instrument, 
since the probability is believed to increase exponen- 
tially with the quantity of the number of characteris- 
tics. The following will illustrate the various types of 
toolmark cases encountered in the forensic laboratory 
and the spectrum of conclusions that can be reached. 


Case 1: Pipe and Vise-Grip 
Arson Investigation 


Evidence submitted: One vise-grip (Figure 7.1) 
and two pieces of gas pipe (Figures 7.2 and 7.3). 

Request: Could the vise-grip obtained from the 
suspect’s auto have been recently used to loosen 
the two sections of gas pipe found at the scene of 
a suspected arson? 

Collected data: Undisturbed old pieces of plumb- 
er’s string are present on the vise-grip’s lower 
jaw teeth, as seen in Figure 7.4, and both the 
upper and lower jaws of the vise-grip have 
deposits of undisturbed rust present on all the 
serrated teeth, as shown in Figures 7.4 and 7.5. 


Figure 7.1 Vise-grip. 
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In addition, the vise-grip’s teeth are 2.8 mm 
apart on both the upper and lower jaws. Both 
sections of gas pipe have teeth toolmarks that 
are 4 mm apart (see Figures 7.2 and 7.6). 
Conclusions: The submitted vise-grip was not 
recently used and did not make the questioned 
toolmarks present on the two sections of pipe. 


Case 2: Gas Explosion 


Homicide Investigation 
LABS., INC. 


7311. 


Evidence submitted: Two gas pipes (shown in 
Figure 7.7), one (K2a) from the landlord’s base- 
ment with toolmarks made with a wrench and 


Figure 7.2 Pipe with toolmarks. The spacing between one (Qla) from the scene of a gas explosion in a 
toolmarks on the pipe is 4 mm. 
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Figure 7.3 Pipe with toolmarks. 
Figure 7.5 Vise-grip with undisturbed deposits of rust on 
upper jaw. 
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Figure 7.4 Vise-grip with undisturbed traces of old twine 
and undisturbed deposits of rust on the serrated teeth of Figure 7.6 Opposite side of pipe in Figure 7.3. Spacing 
the lower jaw. between teeth toolmarks on the pipe is 4 mm. 
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building owned by the landlord where a tenant 
was found dead. 

Request: Determine if the toolmarks on the known 
gas pipe (K2a) are consistent with the toolmarks 
present on the questioned gas pipe (Qla). 

Collected data: All of the toolmark impressions 
present on the Qla pipe were carefully exam- 
ined with a stereomicroscope under 4x to 20x 
magnification. The class patterns present on the 
Qla pipe were consistent with marks left by a 
pipe wrench (see Figure 7.7). Linear and angu- 
lar dimensions of the circled (red) pipe tooth 
impression on the Qla section of pipe were mea- 
sured with a calibrated ocular micrometer and a 
protractor ocular micrometer. The dimensions 
were noted (see Figure 7.8). 

Next, all of the toolmark impressions pres- 
ent on the K2a pipe were carefully examined 
with a stereomicroscope under 4x to 20x mag- 
nification. The class patterns present on the 
K2a pipe were consistent with marks left by a 
pipe wrench (see Figure 7.7). Linear and angu- 
lar dimensions of the circled (red) pipe tooth 
impression on the K2a section of pipe were 
measured with a calibrated ocular micrometer 
anda protractor ocular micrometer; the dimen- 
sions were noted (see Figure 7.8). Both the 
questioned and known circled tooth impres- 
sions were found to have the same class fea- 
tures and dimensions. Both singled out tooth 
impressions in Qla and K2a had the shape of a 
parallelogram, having two sets of equal length, 
parallel, opposite sides. The questioned (Qla) 


ee ee gat > $4 


anit 


Figure 7.7 Two gas pipes, one (Qla) from the scene of a 
homicide and gas explosion investigation, and one with 
known toolmarks from the landlord’s basement (pipe 


marked K2a). 


and known (K2a) tooth mark impressions were 
compared on a comparison microscope. Both 
tooth impressions were found to possess the 
same patterns of accidental striation features, 
as seen in the superimposed images of the Qla 
and K2a pipe wrench tooth impressions shown 
in Figure 7.9. 

Conclusions: Both gas pipes possessed toolmarks 
made with the same pipe wrench. 


Case 3: Bank Robbery Investigation 
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Evidence submitted: One shortened section of 
rifle and one piece of wooden gun stock (see 
Figure 7.10). 

Request: Could the two sections of rifle ever have 
been one whole continuous rifle? 

Collected data: The wood species composing both 
pieces of gun stock were studied and identified 
as black walnut. Next, the cutoff ends of both 


Figure 7.8 A comparison of the linear and angular dimen- 
sions of the Qla tooth impression (top) and the K2a tooth 
impression (bottom). Two sets of parallel sides were found 
to be present. One set of sides was 337 ym in length, and 
the second set of parallel sides was 261 pm in length. The 
opposite angles were also equal. The smaller set of angles 


was 46 degrees and the second set was 134 degrees. 
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pieces of wooden gun stock were examined 
and measurements were made with a stereo- 
microscope equipped with a calibrated ocu- 
lar micrometer. The cut ends of both pieces of 
wood stock were placed end to end and aligned. 
The space between the pieces was measured 
and determined to be caused by a % in. width. 
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Figure 7.11. The two pieces of aligned gun stock 
also exhibited a jigsaw match between the rifle’s 
wooden end and the gun stock’s end piece, as 
seen in Figure 7.12. 


Conclusions: As depicted in Figure 7.13, the two 


pieces of gun stock were once one continuous 
piece of wood constructing the subject rifle. 


The size and shape of the cut marks found on 
and between the two pieces of wood stock indi- 
cated that an electric drill (note the chatter 
marks present on the right, top portion of the 
gun stock in Figure 7.12) fitted with a % in. bit 
was used to cut the wood stock, as indicated in 


Case 4: Criminal Possession 
of Stolen Property 


Evidence submitted: One brass gas tank regulator 
(QI), recovered in a thrift shop, and one brass 
gas tank nut (K1), from the complainant’s base- 
ment (see Figure 7.14). A local man entered a 
thrift shop and noticed what he identified as his 


Figure 7.9 Comparison microscope photomicrograph 
showing one tooth mark on the K2a pipe overlapped with 
one tooth mark on the Qla pipe. Note the corresponding 
accidental striation patterns in both specimens. 


Figure 7.11 The two pieces of gun stock aligned, showing 
the space caused by a *% in. drill bit. 
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Figure 7.10 Two sections of rifle-top section were recov- Figure 7.12 The two pieces of gun stock aligned, showing 
ered outside the scene of a bank robbery, while the bottom a jigsaw match between the rifle and stock. Note the chatter 
portion was recovered in the suspect’s motel room. marks present on the right, top portion of the gun stock. 
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gas tank regulator valve hanging on the wall for 
sale. He summoned the police and stated that 
the valve was stolen from his basement during a 
burglary committed some weeks earlier. When 
asked what proof he had of this, he stated he had 
the gas tank nut that had been cut off of the tank 
still in his basement. Both items were forwarded 
to the laboratory for examination. 


Request: Could the gas tank nut (K1) and the brass 


gas tank regulator fitting be associated? 


Collected data: The damaged ends of the ques- 


tioned and known objects were examined closely 
with a stereomicroscope under magnification 
ranging from 4x to 30x. Each was determined 
to have been cut with a hacksaw. Next, both 
pieces were aligned by inserting the nozzle end 
of the QI gas tank regulator valve into the cut 
end of the gas tank regulator nut. The saw cut 
marks were aligned and studied. The alignment 
of the gas regulator valve nozzle (center) with 
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the gas tank regulator nut (outside) is shown 
in Figure 7.15. Note the exact alignment of the 
numerous cut lines made by the saw’s teeth and 
the many changes in angular direction made 
during the cutting process. It was determined 
from the examination of the toolmarks present 
on the end of the gas tank regulator (Q1) and the 
gas tank regulator nut (K1) that both pieces of 
brass were cut simultaneously by the action of a 
hacksaw, as evidenced in Figure 7.15. 

Conclusions: The gas tank regulator was returned 
to its rightful owner. 


Case 5: Homicide by Hanging 


Evidence submitted: One noose fashioned from 
telephone wire (Q1) removed from the body of 
a nine-year-old boy by the medical examiner 
during autopsy, killed during a Voodoo rite car- 
ried out by a Voodoo priest. In addition, a goat’s 
stomach was found at the crime scene with the 
boy’s body. One length of telephone line wire 
(K1) from the primary suspect’s automobile, as 
seen in Figure 7.16. 

Request: Were the noose and the section of tele- 
phone wire ever one continuous length of tele- 
phone wire? 


Figure 7.13 The alignment of the drilled-off rifle. Note 
the overall portion of the rifle. 


Figure 7.15 The alignment of the gas regulator valve noz- 
Figure 7.14 One brass gas valve (Ql), left, recovered in a zle (center) with the gas tank regulator nut (outside). Note 
thrift shop, and one brass gas tank nut (K1), right, from the __ the exact alignment of the numerous cut lines made by the 
complainant’s basement. saw’s teeth and the many changes in angular direction. 
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Collected data: Both the questioned (Q1) noose Conclusions: Both pieces of telephone line, Q1 and 
and the known length of telephone line wire K1, were once one continuous length of tele- 
(K1) were examined with a stereomicroscope phone line wire. 


and measured with a calibrated ocular microm- 
eter. Each was found to be composed of the 
same type of telephone line wire (four different Case 6: Narcotics Investigation 
colored 26 gauge pieces of copper wire) encased 
in white vinyl. Examination of the cut ends Evidence submitted: One piece of sofa upholstery 


disclosed they were cut with a knife. Further fabric (K1) from the suspect’s residence with an 
examination of two of the cut ends, shown in 


Figure 7.17, revealed the presence of a jigsaw 
match. In addition, continuous lines of black 
soot were found running along both lengths of 
telephone line wire, further demonstrating that 
these two pieces of wire were once one continu- 
ous length of telephone line wire. 


impression, and one Davis Industries P-32 pis- 
tol (Q1) found five floors below suspect’s living 
room window in grass (see Figure 7.18). 

Request: Could the questioned pistol (QI) be the 
source of the impression (K1) found under- 
neath the top cushion, embossed in the sofa 
upholstery, collected in the course of a search 
pursuant to the arrest of a suspected drug dealer 
during a buy/bust operation? 


— Cut by ME 
at autopsy 


Victim’s neck 


Suspect's Auto 


Jigsaw 
Q1 K1 
One Inch 


prraturey 


Suspect’s auto 


Figure 7.16 QI a piece of telephone wire fashioned intoa Figure 7.17 The cut ends of the Q1 loop of wire from the 
loop removed from victim’s neck at autopsy. K1 a piece of _ body (left), and K1 piece of wire from the suspect’s auto 
telephone wire from the suspect’s auto. demonstrating a jigsaw match. 
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Figure 7.18 (a) The piece of upholstery with an impression of a pistol (K1), and (b), the pistol (QI) obtained during the 
search of the grass below the suspect’s living room window. 
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Collected data: Both the questioned (Q1) pistol 
and the known impression (K1) were examined 
separately. First the pistol was processed for the 
presence of fibers. One black fiber consistent in 
all chemical and physical properties with the 
black-colored fibers composing the sofa’s uphol- 
stery was found on the pistol. Next, the pistol 
and impression in the textile were examined for 
design features. Linear and angular measure- 
ments of both were made. Figure 7.19 demon- 
strates that all the obtained measurements and 
design features were present in both specimens. 
Finally, a photographic overlay was made of the 
pistol and placed directly over the K1 impres- 
sion on the textile, as shown in Figure 7.20. 

Conclusions: It was reported that the K1 impres- 
sion present on the textile was consistent with 
having been made by the Q1 P-380p pistol. 
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Davis Industries P-380 Pistol 


Figure 7.19 The angular and linear measurements and 
design features observed for the impression and the pistol 
were found to be consistent in all respects, except for the 
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Case 7: Burglary Investigation 


Evidence submitted: One padlock with cut shackle 
as seen in Figure 7.21. 

Request: Was the shackle cut off the padlock while 
the lock was locked or unlocked? 

Collected data: The cut end of the shackle, marked 
B, and the portion of the shackle still protruding 


Figure 7.20 The overlay of the QI pistol as it appears 
placed directly over the K1 impression on the upholstery. 
This type of image processing can easily be done with 
Adobe Photoshop. 


absence or presence of an impression of a trigger guard and Figure 7.21 The questioned padlock showing brass case 


magazine release. 


with key inserted into the cylinder and cut shackle. 
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from the padlock, marked A, in Figure 7.21 were 
both examined separately with a stereomicro- 
scope utilizing a range of magnification from 
4x to 20x. From the physical appearance of the 
end of the shackle marked B 1 and 2, and A 3 
and 4, on the left side of Figure 7.22, it was evi- 
dent that a bolt cutter was employed to cut the 
shackle from the lock. In addition, the position 
of the portion of the padlock’s shackle remain- 
ing attached to the lock casing is indicative of 
the shackle being cut while the padlock was in 
the unlocked, opened orientation (as seen in 
Figure 7.22). 

Conclusions: The padlock was in the unlocked 
position when its shackle was cut with a shear- 
ing action bolt cutter. Unlocked orientation as 
shown in Figure 7.21. 


Case 8: Homicide Investigation 


Evidence submitted: Three pieces of door jamb 
(Figure 7.23) collected by crime scene analysts 


Lock’s shackle 
cut while opened 


Bolt cutter 


Figure 7.22 Based upon the physical appearance of the 
ends of the shackle marked B 1 and 2, and A 3 and 4 (on 
the left), it is evident that a bolt cutter was employed to 
cut the shackle from the lock. The position of the portion 
of the padlock’s shackle (A) still within the lock casing is 
indicative of the shackle being cut while the padlock was 
in the open position. 
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from the front door of the suspect’s residence, 
the scene of a double homicide, and two screw- 
drivers (Figure 7.24) collected from the hus- 
band’s automobile. 

Request: Determine if either screwdriver could 
have been used to simulate a forced entry into 
the residence. 

Collected data: Known K1 and K2 screwdrivers 
were examined with a stereomicroscope for the 
presence of trace evidence. Minute smears of 
blue-green-colored paint were found on the tip 
end of K2. No trace materials were found on the 
K1 screwdriver (see Figure 7.25). The specimens 
of blue-green paint found on K2 were compared 


Figure 7.23 Three pieces of door jamb, from suspect’s 
residence, the scene of a double homicide, with questioned 
toolmarks. 


Figure 7.24 Two screwdrivers from suspect’s vehicle. K1 
has a red handle and a *% in. wide slot tip, while K2 has a 
54, in. wide slot tip. 
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to the blue-green paint covering areas of the 
three pieces of questioned door jambs. The 
blue-green paint found on K2 was consistent 
in all physical and chemical properties with the 
questioned specimens from the large section of 
door jamb. Next, the known toolmark impres- 
sions made by the K2 screwdriver in wood (not 
shown) were consistent in all class character- 
istics to the QI, Q2, and Q4 questioned % in. 
wide slot screwdriver tip impressions present on 
the larger section of door jamb (K1). The blade 
width of the K1 screwdriver was not consistent 
with any of the questioned impressions. 

Conclusions: In the opinion of the author, the 
questioned impressions, QI, Q2, and Q4, could 
have been made by the K2 screwdriver. The K2 
screwdriver did not cause the Q3 or Q5 groups 
of toolmark impressions on the questioned 
pieces of door jamb. The K1 screwdriver did not 
cause any of the toolmark impressions on the 
three pieces of questioned door jamb. 


Case 9: Burglary Investigation 


Evidence submitted: One lock cylinder from the 
front door of a burglary scene investigation, 
seen in Figure 7.26. 

Request: Examine lock cylinder to determine if 
the door lock was picked or otherwise defeated. 

Collected data: The lock cylinder was first exam- 
ined with a stereomicroscope at a range of mag- 
nification from 4x to 30x for signs of damage 


Figure 7.25 The tip of the K2 screwdriver contained 
green-blue-colored paint. The smaller K1 screwdriver con- 


tained no paint on its tip. 
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or tampering. No indications of damage or 
tampering of the lock cylinder were observed 
(see Figure 7.27). Next, the cylinder plug was 
removed and the springs, spacers, and pins (6) 
were removed. 

All six pins were examined for pick marks. 
Figure 7.28 shows the pick marks on one of the 
cylinder pins. All six pins had similar-looking 
pick marks. 


Question Lock 
a 


Not Used 


a 


Figure 7.26 Questioned lock cylinder recovered for exami- 
nation from the front door during a burglary investigation. 


Figure 7.27 Questioned lock cylinder received for exami- 
nation showing no signs of tampering or damage. 
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Conclusions: From the pick marks detected on the 
cylinder pins obtained from the lock cylinder 
it was determined that the questioned lock was 
picked. 


Case 10: Burglary Investigation 


Evidence submitted: Photographs of the door and 
damage to the door and jamb (see Figures 7.29 
and 7.30). 

Request: Determine if the premises was broken 
into through the rear basement door. 

Collected data: Examination of the inside and 
outside portions of the basement’s rear door 


Cylinder pin 


Pick marks 


Figure 7.28 Pick marks on one of the pins from questioned 


lock cylinder. All six pins exhibited similar pick marks. 


Figure 7.29 Outside of rear door of a premises leading into 


its basement. 
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divulged the presence of several toolmarks near 
the door’s lock cylinder and on the door jamb 
moldings. Close examination of the outside 
portion of the door and jamb revealed the pres- 
ence of % in. wide impressions consistent with 
the tip of a crow bar on the side of the door and 
on the door jamb, as seen in Figure 7.31. Close 
scrutiny of the inside portion of the door and 
jamb revealed toolmarks and signs of the lever- 
ing action of the tip of a crow bar being forced 
into the space between the door and the door 


Figure 7.30 Inside of the basement’s rear door showing 
damage on door and door jamb next to lock cylinder. 


hi Outside back 
"Y door to premise 


Figure 7.31 Outside of rear door leading from basement 
showing signs of toolmarks near door lock and on door jamb. 
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jamb, while the shaft portion of the crow bar Conclusions: From the toolmarks and damage 
was being forced against the jamb and its mold- found on the rear basement door, it was theorized 
ing, as depicted in Figure 7.32. that the building was broken out of and not into. 


Giside Prarise Case 11: Bomb Investigation 


Evidence submitted: The components of a dis- 
Damage to door jamb mantled, unexploded pipe bomb, shown in 
Figure 7.33. The fragments and debris collected 
at the scene of a pipe bomb explosion, as seen in 
ag t = Figure 7.34. 


Scratches 


Wood from door forced into building 


Figure 7.32 Inside of rear door of premises showing more 
damage than is present on the outside damaged portion of 
the rear basement door. Damage to the inside door jamb’s 
molding and to the door itself is consistent with the action Figure 7.33 A dismantled, unexploded pipe bomb recov- 
of a lever action tool such as a crow bar. ered in the alleyway of a high-profile bank’s headquarters. 


Fragments and Debris collected at 
the scene of a pipe bomb explosion 
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Figure 7.34 Fragments and debris collected at the scene of a pipe bomb explosion. 
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Request: Determine if the two pipe bombs could the ends of the wires attached to both terminals 
have been assembled by the same person. were cut with the same style of wire cutting pli- 
Collected data: The unexploded pipe bomb was ers (point-to-point). Many of these similarities 
filled with Pyrodex’, a synthetic, low-order are demonstrated in Figure 7.35. 
explosive substitute for black powder, designed Conclusions: Both pipe bomb devices could have 
to burn more evenly, and at a higher efficiency been assembled by the same person. 


than traditional black powder. A few particles 
and residues consistent with Pyrodex were 
detected in the debris and fragments collected Case 12: Attempted Murder Investigation 


at the scene of the detonated pipe bomb. The 


9-volt battery terminals from the unexploded Evidence submitted: The victim’s outer cloth- 
pipe bomb and from the exploded pipe bomb’s ing (Figure 7.36), vest holder (Figure 7.37), and 
debris were wired with 26 gauge, multistrand, Kevlar’ vest insert (Figure 7.38) were submitted 
black insulated wires in the same manner. In for assessment. In addition, a questioned, spent 
addition, both terminals appeared to have been bullet (shown in Figure 7.39), found near the 


manufactured out of the same materials. Finally, 
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Figure 7.35 Two terminals, on left, from unexploded pipe 
bomb and, on right, exploded pipe bomb. Note the same 
manner in which the 26 gauge, multistrand, black insu- 
lated wires are attached to the 9-volt battery terminals. 
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Figure 7.37 Layer 4 Kevlar insert holder. 


Figure 7.36 Outer clothing of a shooting victim showing 
top (1) to bottom (3) layering. Figure 7.38 Layer 5 Kevlar vest insert. 
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scene of a shooting, was submitted for compari- 
son with the vest. 

Request: Determine if the questioned bullet struck 
the victim, causing the holes and impact marks 
present on the victim’s clothing and body. 

Collected data: The holes and impact marks 
present on the victim’s clothing were carefully 
examined with a stereomicroscope under a 
range of magnification from 4x to 40x. Linear 
and angular measurements were made of the 
holes and marks. Several of the holes were 
tested for the presence of gunshot residue. Lead 
residues in the form of bullet wipes were found 
on all of the garments. An impact lead pattern 
(not shown) was also present on the front por- 
tion of the Kevlar insert. The impression on 
the surface of the bullet was carefully studied. 
A few of the fibers from the questioned bullet 
were removed and studied with a polarized light 
microscope. Red-colored polyester and cot- 
ton fibers, colorless polyester and cotton fibers, 
and yellow-appearing Kevlar fibers were found 
on the bullet. The fibers from the bullet were 
compared to the fibers composing the victim’s 
garments. All of the questioned fibers from the 
bullet were consistent in all physical, optical, 
and chemical properties with the known fibers 
composing the victim’s clothing and body 


Figure 7.39 Questioned bullet found near scene of shooting. 
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armor. The impression found on the bullet’s 
surface was compared to the textile weave pat- 
tern used to construct the Kevlar body armor 
insert and found to be consistent. In Figure 7.40 
(left), the bullet’s image is laid on top of the vest 
insert using Photoshop. In Figure 7.40 (right), 
red-colored polyester and cotton fibers as well 
as yellow-appearing Kevlar (aramid) fibers are 
present on the bullet’s surface. 

Conclusions: From the fibers and textile weave 
pattern impressions found on the bullet, it was 
concluded that the questioned bullet was the 
one that struck the victim, causing his injuries. 


After study of the questioned toolmarks is complete, 
a hypothesis is formed (Chapter 5), the test standards 
are prepared (Chapter 6), and the hypothesis is tested 
(Chapter 7), one must statistically assess the conclusions 
in order to further evolve the discipline of toolmark 
examination from an art into a science. Chapter 8 is 
offered to assist toward this end. 


Kevlar® Fibers Polyester 


Figure 7.40 Questioned bullet found near scene of shoot- 
ing compared to the textile weave pattern of the Kevlar vest 
insert. On the left, the bullet’s image is laid on top of the 
vest insert using Photoshop. On the right, red-colored poly- 
ester and cotton fibers as well as yellow-appearing Kevlar 
(aramid) fibers are present on bullet’s surface. 


How Statistical Pattern Comparison 
Methods Can Be Applied to Toolmarks 


Introduction 


Over the course of the last two decades, DNA profiling has 
grown to be one of the most widely known and applied 
techniques for the identification of biological samples in 
forensic science. Arguably, the “fame” of DNA profiling 
is responsible for the courts’ current interest in the rais- 
ing of standards for scientific examination of all forms 
of physical evidence (e.g., toolmarks, soils, fingerprints, 
gunshot residue, etc.). It is undoubtedly the clear appli- 
cability of simple statistical methods to DNA profiling 
techniques that lies at the core of its success. 

Unfortunately, there are no standard methods or 
protocols for the application of probability and statis- 
tics to the analysis and comparison of toolmarks. In 
order to begin to address this problem, here we propose 
and describe several methods for objective, numerical 
computational pattern matching that can be applied to 
toolmarks.* Indeed, Moran remarks that “the actual 
mechanics of the toolmark identification process 
involves the use of our cognitive ability to first recognize 
identification through pattern matching.”! The theory 
and algorithms of statistical pattern recognition give 
methods for what Moran calls “the quantitative differ- 
ence between an identification and non-identification.”! 
Industries, particularly those that employ some type of 
sorting into categories, face similar problems as those 
faced in the examination of physical evidence in foren- 
sic science. They have been applying statistical pattern 
recognition techniques for the automation of assorted 
classification tasks for approximately the last half 
century.” ° 

The examination of similarities and dissimilarities 
between pieces of physical evidence is based on compar- 
ison of the evidence’s physical features. The Association 
of Firearms and Toolmark Examiners (AFTE; www.afte. 
org) is the de facto group that has set the standards for 
firearms and toolmark examination. The AFTE theory 
of identification as it relates to toolmarks states (bold- 
face added for emphasis):'7 


* In this chapter we use the following terms interchangeably: numerical 
computational pattern matching, toolmark pattern comparisons, and pat- 
tern recognition. 
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A. The theory of identification as it pertains to the 
comparison of toolmarks enables opinions of 
common origin to be made when unique sur- 
face contours of two toolmarks are in sufficient 
agreement. 

B. This sufficient agreement is related to significant 
duplication of random toolmarks by correspon- 
dence of pattern or combination of patterns of 
surface contours. 

a. Significance is determined by comparative 
examination of two or more sets of surface 
contour patterns comprised of individual 
peaks, ridges and furrows. 


Numerical classification methods** are of particu- 
lar interest because they have the potential of assigning 
objective quantitative measures to the words sufficient 
agreement and comparative examination. 

AFTE theory of identification further specifies cer- 
tain features and their comparison:!” 


[B] b. Specifically, the relative height or depth, 
width, curvature and spatial relationship of 
individual peaks, ridges and furrows within 
one set of surface contours are defined and 
compared to corresponding features in a 


second set of surface contours. 


These features can be subclass or individual charac- 
teristics of toolmarks. Specifically the AFTE definitions 
are:”° 


Subclass Characteristics—Discernable surface fea- 
tures of an object which are more restrictive than 
CLASS CHARACTERISTICS in that they are: 


1. Produced incidental to manufacture. 

2. Are significant in that they relate to a smaller 
group source (a subset of the class to which 
they belong). 

3. Can arise from a source which changes 
over time. 


Individual Characteristics—Marks produced by 
the random imperfections or irregularities of tool 
surfaces. These random imperfections or irregu- 
larities are produced incidental to manufacture 
and/or caused by use, corrosion, or damage. They 
are unique to the tool and distinguish it from all 
other tools. 


86 


As a note of caution, AFTE states:” 


Caution should be exercised in distinguishing SUB- 
CLASS CHARACTERISTICS from INDIVIDUAL 
CHARACTERISTICS. 


In keeping with the AFTE theory we will adopt 
the same definitions; however, we will refer to both 
subclass characteristics and individual characteristics 
of the tool’s working surface or toolmark simply as 
features.* We have chosen this convention because 
statistical pattern comparison algorithms would 
detect both similarities (possible subclass character- 
istics) and dissimilarities (individual characteristics) 
between sets of features for many different toolmarks. 
We agree that caution still needs to be exercised when 
applying any statistical pattern comparison meth- 
ods if the working set of toolmarks is small. In such 
a case, the algorithms may identify subclass charac- 
teristics as individualizing a toolmark simply because 
they do not have enough other toolmarks to make 
comparisons too. The reverse is also true, however. 
Similarities or, more importantly, differences between 
the toolmark features, which may not be apparent or 
discernible under microscopic examination, may be 
discovered by computational processing. Essentially, 
individual characteristics may be discovered within 
what appears to be subclass characteristics under the 
microscope. For these reasons alone, statistical pattern 
recognition should never be ubiquitously and blindly 
applied to toolmark analysis. Below we will describe 
ways in which toolmark features can be manually and 
automatically collected and prepared for statistical 
comparisons. 

With the objective quantification of features in a 
toolmark’s surface, research questions that arise are: 


e What features should we use for numerical 
comparisons? 

e Does one need to use all features (which in 
principle could be infinite), or is it sufficient to 
choose a finite number of features? 


The AFTE theory states that (boldface added for 
emphasis):)” 


c. Agreement is sufficient when it exceeds the best 
agreement demonstrated by toolmarks known 
to have been produced by different tools and 


* All of the discussions in this chapter apply to the tool’s working surface 
and the toolmarks it is capable of imparting. For brevity, we will only 
make reference to the toolmark itself. Also for the sake of brevity, we will 
refer to toolmark striation patterns and toolmark impression patterns in 
a unified way, simply as toolmark patterns. We do recognize, however, 
that in practice striation and impression patterns are very different. 
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is consistent with agreement demonstrated by 
toolmarks known to have been produced by the 
same tool. 


In order to quantify “best agreement” and tool- 
marks of “known” identity, a database can be used to 
record the features of the tool or toolmark. With a data- 
base it becomes relatively easy to apply multiple simi- 
larity measures to study their efficacy. Further research 
questions that arise are: 


¢ How do the identification and comparison accu- 
racy vary with the set of features used? 

¢ Whatis the likelihood ofa false positive “match” 
given a set of measured features? 


Answers to these questions can help to quantify 
what is stipulated in the AFTE theory below (boldface 
added for emphasis):’ 


d. The statement that “sufficient agreement” exists 
between two toolmarks means that agreement is of 
a quality and quantity that the likelihood another 
tool could have made the mark is so remote as to 
be considered a practical impossibility. 


Statistical methods used for justifying DNA profil- 
ing have done just that; i.e., they show that the likelihood 
that two unrelated people have the same DNA profile is 
“so remote as to be considered a practical impossibility.” 
DNA profiling, however, works because of Mendel’s laws 
of inheritance, specifically the law of independent assort- 
ment. Its mathematical generalization for populations, 
the Hardy-Weinberg and linkage equilibria, allows one 
to multiply together frequencies of alleles (the “features” 
of DNA typing) at assorted loci and thus find the prob- 
ability of particular profiles occurring.!° Multiplication 
of allelic frequencies is justified by Mendel’s experimen- 
tal observation of the statistical independence of allele 
segregation and assortment of chromosomes.!! In gen- 
eral, the same multiplication of feature frequencies (i.e., 
probabilities) may not be justified for arbitrary forms of 
physical evidence. This is true for the specific category of 
toolmarks because of the following reasons: 


e It is difficult to consider measuring the frequen- 
cies of even a finite number of features within a 
large enough sample of the whole “population” 
of tools to obtain a reasonable level of confidence 
in their value. Much more research is needed on 
this issue. 

¢ Statistical independence for the probabilities 
(i.e., frequencies) of the selected features may be 
difficult or impossible to prove. 
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¢ Most importantly, the features of tools are muta- 
ble over time. Allelic frequencies are assumed 
not to change. 


Thus, important questions for the application of 
mathematics to the study of toolmarks are: 


¢ What statistical methods should be used for 
examining features of toolmarks? 

e Isthereabetternumericalcomparison method than 
all others, or are the methods case dependent? 

e What is the distribution of percentages for 
“matching” features from impressions known 
to have been made by the same tool?!” 

e Can toolmark data be used to generate esti- 
mates of a chance match with a high degree of 
confidence?!” 


In order to begin to answer these questions, below 
we give an overview of statistical pattern comparison as 
it can apply to toolmark analysis. The first step in this 
analysis is the collection of feature data from toolmarks. 
Next, we will discuss the two general ways to use sta- 
tistics for the comparison toolmark patterns. The goal 
of these two general approaches is to construct math- 
ematical discriminant functions or decision rules. The 
two methodologies, however, differ in the way they go 
about achieving this goal. The classical methods of sta- 
tistical pattern comparison require explicit probability 
mass functions (histograms), probability densities or 
their integrals, and probability distributions in order to 
rigorously find decision rules.'* Postclassical methods 
of statistical pattern comparison, on the other hand, 
do not require this much information. Instead, this set 
of methods seeks to construct decision rules directly 
from the measured data.'? Both paradigms have their 
strengths and weaknesses, and for this reason, a bat- 
tery of statistical tests should be used on any toolmark 
comparison task if possible. As we progress through 
the overview, we will point out pros and cons with both 
approaches as they apply to toolmark analysis. We fur- 
ther argue that the postclassical methods, which spe- 
cifically support vector machines, are very suitable for 
toolmark comparison work because they perform well 
in a wide variety of applications using less data, and they 
have nice mathematical properties (e.g., consistency and 
adjustable generalizability). 

The list of statistical pattern comparison methods 
we describe below is certainly not exhaustive. Over the 
course of the last 50 years, a smattering of statistical 
models and statistical studies aimed at toolmark analysis 
(mostly for firearms) have appeared in the literature.!*~° 
Nichols’ reviews give excellent background and insightful 


overviews of most of these studies.*°-4? We chose to focus 
on methods for the construction of numerical decision 
rules because we feel they offer the best opportunity to 
bring more objectivity to the field of toolmark analysis. 
For those readers who desire readable texts on statistics 
or a refresher in basic probability and statistics, books by 
Gonick, Donnelly, Bertsekas, and Rencher are all excel- 
lent, contain many examples, and are even enjoyable to 
read.**-*° Chapters in Butler and by Morgan and Bartick 
are also excellent and relevant to forensic science.!°*” To 
begin our discussion, we start with a simple example. 


A Simple Illustrative Example 


Here we consider a common situation met in toolmark 
analysis: whether or not a striated toolmark found at a 
crime scene matches the striations made by a suspect 
tool. As we progress through this section, we hope the 
reader will see how concepts from statistical pattern 
recognition can be applied to common tasks of the tool- 
mark examiner, and how these statistical tools can pro- 
vide a framework for a mathematical foundation of the 
field. Note that the examples provided below are hypo- 
thetical and are meant to show how statistical pattern 
comparison can be applied to toolmarks. 

Say a specific striation pattern, CS, is found embed- 
ded in a metal windowsill at a crime scene. Next, con- 
sider a set of exemplar striation patterns, EX, made with 
known tools, including the tool suspected to have left 
the impression at the crime scene. Each tool in the exem- 
plar set has the same class characteristics and is used to 
make several impressions. Using the classical methods 
of pattern comparison, such as those used for DNA pro- 
filing,'° the set EX should contain a very large number 
(theoretically infinite in size) of striation patterns made 
by avery large set of tools (theoretically infinite in size as 
well).4>° Next, a probability mass function (pmf; ie., a 
histogram) needs to be constructed for the frequencies 
of measured features produced by each tool in EX.*°4648 
For example, say we have two tools that were used to 
make all the striation patterns in EX. Then a simple fea- 
ture could be the number of striation lines in each pat- 
tern.” These measurements could be used to produce 
the hypothetical histogram shown in Figure 8.1. 

Probability density functions (pdfs) can then be 
found from experimentally determined histograms by 
extracting parameters for an assumed parametric den- 
sity (such as the Gaussian density) or fitting the histo- 
gram frequencies to a nonparametric density. Figure 8.1 
also shows a Gaussian pdf overlaying the histogram that 
was fit with the average and standard deviation com- 
puted from the data. In fact, using various sized runs of 


88 


Frequency 


Figure 8.1 A histogram (probability mass function) 
constructed from the numbers of lines in hypothetical 
striation patterns made by, say, multiple random jabs of a 
screwdriver into jeweler’s wax. The smooth curve superim- 
posed over the histogram is the Gaussian probability den- 
sity function fit with the data. 


continuous matching striae (CMS) as features, Neel and 
Wells recently constructed such histograms for large sets 
of 2D and 3D striation patterns.!° The frequencies they 
estimated from their data showed approximate expo- 
nential decrease as the size of the CMS runs increased. 
Note that the fitting of a pdf to the frequency data 
is not strictly necessary or even possible. Some of Neel 
and Wells’ fits show significant deviation for exponential 
decay in some regions (cf. Neel and Wells,!? Graph 2, for 
example). The use of pdfs over pmfs in toolmark analysis 
will be dependent on the chosen features measured in the 
toolmark pattern. For example, if the features are con- 
tinuous in nature and there are many to measure, such 
as the widths of the striation lines in the pattern, then it 
may makes sense to fit the discrete histogram of feature 
frequencies to a continuous pdf. On the other hand, if 
the features are discrete and sparsely occurring, like the 
number of different subclass characteristics at a particu- 
lar location on the working surface of the tools, then it 
may make more sense to simply use a histogram of their 
frequencies. This is, in fact, the situation that occurs for 
short tandem repeat (STR)-DNA profiling. STRs at a 
locus are like subclass characteristics at a particular loca- 
tion of a tool’s working surface.” It makes no sense to fit 
continuous pdfs to the frequency data for STRs because 
there are only a few alleles that can occur at each locus. 
While, generally speaking, more “mathematical 
machinery” is available to be exploited if one uses tool- 
mark features commensurate with continuous pdfs, the 
use of histograms is not a major hindrance.**° This is 
especially true if the estimated probabilities of occur- 
rence for features (represented by their measured fre- 
quencies) are statistically independent. In this case the 
product rule for probabilities can be used to construct a 
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Figure 8.2 Pdfs generated from the number of lines in ran- 
dom striation patterns made by, say, two different hypothet- 
ical screwdrivers. Each dot represents the number of lines in 
a particular striation pattern. The blue dots and pdf are for 
screwdriver 1, and the red dots and pdf are for screwdriver 
2. Note that this situation is a special case of the Bayesian 
decision rule where the a priori probabilities are equal. 


very simple and effective discrimination model. In fact, 
it is the model of statistically independent frequencies of 
alleles at STR loci that is the foundation of modern DNA 
profiling, and what makes it such a powerful discrimi- 
nation technique. 

For illustration purposes and to take full advantage 
of the mathematics of statistical pattern recognition, 
we will assume throughout this chapter that pdfs can 
be built from the measured frequencies of arbitrary fea- 
tures in toolmarks. Figure 8.2 displays two pdfs built 
with the number of lines in striation patterns made by 
two hypothetical tools. 

Note the point marked with an asterisk. This is the 
number of striation lines where the pdfs cross and is 
called a decision point.? If unknown pattern CS con- 
tains a number of striation lines to the left of this deci- 
sion point, the examiner should assign CS to tool 1. In 
this region the value of pdf 1 is larger. If instead pat- 
tern CS contains a number of striation lines that fall to 
the right of this decision point, the examiner should 
choose CS’s identity as tool 2 because pdf 2 is larger in 
this region. Note for one measured feature, the pdfs are 
two-dimensional, and where they cross produce only 
decision points. Decision points are the decision rules 
for a one-dimensional feature space. 

This admittedly oversimplified example can be eas- 
ily generalized to situations where an arbitrary number 
of features are measured or counted for a particular 
toolmark. Figure 8.3 shows pdfs fit from histograms 
for the two measured features: the number of striation 
lines (feature 1) and average width of striation lines (fea- 
ture 2) left by random jabbing of a hypothetical screw- 
driver into a slab of green Ferris™ wax.°°°! 

Note that for two features, the pdfs are three- 
dimensional. The solid line separating the two data 
sets is called a decision curve and is a decision rule 
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Figure 8.3 Pdfs for the features made by two different hypothetical screwdrivers: dimension 1, number of lines in a 
random striation pattern; dimension 2, average width of striation line in a random striation pattern. The blue dots are 
for screwdriver 1 and the red for screwdriver 2. The green arrow points to a decision rule. Equal a priori probabilities are 


assumed. 


for a two-dimensional feature space. If an unknown 
striation pattern, say CS has 400 striation lines with an 
average width of 2 um, the examiner should assign it to 
tool 1 (pdf 1 is larger in this region). If instead CS has 
600 striation lines with an average width of 3.5 um, the 
examiner should assign the pattern to tool 2 (pdf 2 is 
larger in this region). 

Generalizing, three measured features (i.e., 3D data) 
yield decision rules that are surfaces. Higher-dimensional 
data yield decision rule hypersurfaces. For simplicity, we 
will refer to any of these geometric discrimination func- 
tions (points, curves, surfaces, etc.) simply as decision 
rules regardless of their dimension. It is these decision 
rules that are the main object of interest for statistical 
pattern classification applied to toolmark analysis. They 
divide up the measured data into decision regions or 
“classes,” thereby allowing an unknown impression pat- 
tern to be assigned to a particular tool, depending on 
which class its measured features fall into. 


Falsifiability and Generalizability 
in Toolmark Pattern Analysis 


The process of comparing toolmark impressions is an 
empirical science. Just as with any empirical science, it 
is based on inductive reasoning; i.e., given a set of obser- 
vations, one draws general conclusions.” Of course, 
generalizations based on specific observations are not 
necessarily valid conclusions. Thus, when building a 
theory of comparative science based on a finite number 
of empirical observations (e.g., toolmark analysis), one 
must be careful to justify the inductive step involved. 
What this means for the application of statistical pat- 
tern recognition to toolmark analysis is that forensic 
toolmark examiners must be especially careful with 
the algorithms they choose and how they construct 
their studies. The “shape” of decision rules (e.g., linear, 
curved, amorphous, etc.) is in general not unique and 
depends on the algorithm employed, which may rest on 
potentially false assumptions. Some decision algorithms 
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are more reliable than others. When they are used to 
examine evidence, this is an extremely important issue. 
Not all decision rules are created equal! 

The demarcation problem of inductive reasoning is 
concerned with the formal mechanism to distinguish 
between a true empirical science and a pseudoscience (i.e., 
junk science). Since the 1930s the cornerstone of demar- 
cation has been Karl Popper’s criteria of falsification.* 
Essentially, if a theory can explain every observation that 
falls into its purview, then it is nonfalsifiable and thus 
does not have a necessary condition to be a valid science. 
For an empirical science to be valid, there will inevita- 
bly exist some observations that will not fit any possible 
explanation within its framework but do fall within its 
domain.'* Any theory of toolmark comparison at a 
minimum should not be nonfalsifiable if it is truly a sci- 
ence and presented as a valid theory in a court of law. 

From a somewhat less abstract standpoint, one can 
think of algorithms that determine decision rules for 
toolmark patterns as “learning machines.” A pattern 
comparison system (i.e., a learning machine) is non- 
falsifiable if it can identify the specific tool that gener- 
ated any toolmark, no matter how much or how little 
data are given. Geometrically this means that a nonfal- 
sifiable learning machine can divide any feature data 
into arbitrary groups in arbitrary ways to produce any 
“explanation” of the data desired.'* Needless to say, a 
nonfalsifiable toolmark pattern comparison algorithm 
is not reliable, and care must be taken in order to avoid 
such a thing. An example ofa simple nonfalsifiable deci- 
sion rule is shown in Figure 8.4. 

Learning machines can be classified into two broad 
categories: those that are supervised when learning to 
classify patterns and those that are unsupervised. It 
is impossible to assess the reliability of unsupervised 
learning machines, and thus they are not a good pri- 
mary pattern recognition tool to use in forensic science 
(although they would be useful in confirming the results 
of supervised learning machines). Supervised learning 
machines, however, produce decision rules by being pre- 
sented with feature data of known identity. Their perfor- 
mance can then be tested by presenting them with known 
but unlabeled data from an appropriately sized test set. 
The best pattern comparison systems have the smallest 
risk of misclassifying data they have not been trained 
with; however, they are certainly not nonfalsifiable. A 
small risk of misclassification on data of unknown iden- 
tity is called good generalization. In order to promote 
trust and reliability with the courts, statistical pattern 
comparison algorithms for toolmark analysis need to 
consistently generalize well yet be falsifiable. 

Next we discuss the conditions toolmark pattern 
comparison methods need to satisfy in order to be 
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Figure 8.4 A decision rule perfectly separating group 
1 blue dots from group 2, red dots. This decision rule is a 
sine wave where sin(x) is negative for group 1 and positive 
for group 2. No matter how many new red and blue dots 
are added to the data set, a sinusoidal decision rule can be 
found to perfectly separate them. A learning machine that 
can produce decision rules that can separate data into arbi- 
trary groups is nonfalsifiable. Such a conundrum is also 
known as overfitting. Nonfalsifiable learning machines 
generalize very poorly and are a danger that can be encoun- 
tered when applying statistical pattern comparison to tool- 
mark analysis. 


falsifiable but generalize well. The following will neces- 
sarily be somewhat abstract but needs to be stated for the 
record. Below we follow closely the books by Vapnik'!* 
and Scholkopf and Smola.*4 

Both general methodologies of statistical pattern 
comparison discussed in this chapter (classical and 
postclassical) ultimately boil down to what is called 
minimization of a risk functional. A risk functional 
is a mathematical expression that quantifies the loss 
encountered when a pattern is misclassified. Its minimi- 
zation is a natural place to begin the construction of a 
pattern comparison theory. The form of the “true” risk 
functional is given as 


R= [tix y.gG01dPCxy) ; 


where L[x,y,g(x)] is the loss functional that returns a 
penalty every time a decision rule, g(x), misclassifies a 
pattern x, i.e., when g(x) # y. P(x,y) is the joint probabil- 
ity distribution over all possible patterns x with pattern 
labels y. The risk functional essentially adds up the losses 
for all the misclassifications made when examining all 
patterns. An integral of this form is called an expectation 
value and represents the theoretical average loss for a pat- 
tern recognition task. The loss functional is not unique 
and dependent on the problem at hand, e.g., probability 
density estimation, pattern comparisons, etc. 
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Needless to say, calculating the “true” risk func- 
tional for a pattern comparison task of one toolmark to 
any other possible toolmark is impossible. What is used 
instead for practical applications is the empirical risk 
functional: 
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Here empirical risk is calculated based on a sample set of 
toolmark patterns of size n. Minimization of this func- 
tional with respect to a set of decision rules G, (g€ G) 
is called the empirical risk minimization (ERM) prin- 
ciple and leads to various practical pattern recognition 
algorithms.*-®!>4 The ERM, however, needs to be con- 
sistent or the decision rules derived from it may be non- 
falsifiable. Consistency of ERM is heuristically defined 
as follows: 


As the number of samples in the data set grows (to 
also 


emp 


infinity) the decision rule that minimizes R 
yields the lowest possible value for test error achievable 
by minimizing the true risk functional itself.*4 


Consistency of the ERM principle ensures falsifiabil- 
ity and circumvents having to construct and minimize 
R explicitly since the decision rule derived from the data 
set should asymptotically yield the same results in terms 
of test error.>»>4 In general, G is an infinite set of deci- 
sion rules, and the decision rule that yields the absolute 
minimum R,,,, may (and probably will) be nonfalsifi- 
able. Thus, it turns out that consistency of ERM depends 
critically on the choice of decision rules used in the 
minimization. The mathematics that give the necessary 
and sufficient conditions for the consistency of ERM 
also induce parameters from which restrictions on the 
decision rules can be inferred. Full details of the neces- 
sary proofs are given in Vapnik’s book.» 

Ensuring the consistency of ERM is an abstract 
idea but has two very practical consequences for tool- 
mark analysis. First, it guarantees falsifiability, which is 
important because it mathematically establishes to the 
courts that statistical pattern comparisons of toolmarks 
satisfy the necessary and sufficient tenants to be called 
a science. Second, the restrictions that need to be placed 
on decision rules, g (drawn from G), give us “adjustment 
knobs” to control the generalizability of the pattern 
comparison algorithm. 


Toolmark Data Collection 


The starting point for the statistical analysis and com- 
parison of any set of patterns is the collection of features 
of the toolmark pattern surface. Every measurement of 
a feature is arandom variable X,.*> Collection of various 
impression features into a list constitutes the feature 
vector, x, for that impression.*°° A vector is just a list 
of numbers. So, for example, if we count the striation 
lines and determine the average striation line width 
for a set of one hundred screwdriver striation patterns 
made in wax, then we could assemble one hundred 
“lists” of two values: 


number of striation lines 
x;= i={1,2,3,...,100}. 


average width ofa striation line 


Each feature vector, x, would thus be two numbers repre- 
senting some information on the toolmark pattern’s surface. 
The number of characterizing values recorded in a feature 
vector is called the vector’s dimension and is not restricted. 
Thus, feature vectors are just “containers” for toolmark 
information (i.e., subclass and individual characteristics). 

Feature data can be collected in the traditional way 
(ie., by hand) or in a more automated fashion. Hand 
collection can be done by the expert’s identification of 
specific sites on a toolmark surface using stereomicros- 
copy.’*5” A standardized reference frame for measure- 
ments and counting can be established using various 
Whipple and Howard micrometer disks in conjunction 
with the Abbott grid methodology.** Digital photogra- 
phy combined with specialized computer-aided design 
software can also be used to help automate the feature 
data collection process.%*! 

Fully automated collection of toolmark data can be 
accomplished with high-resolution 3D laser scanning. 
This method would capture essentially all the informa- 
tion that can be known by mapping the coordinates 
of the toolmark’s surface. Caution must be exercised 
with such automated data collection because the sur- 
faces of the different objects must be carefully aligned. 
This is necessary because the same coordinate system 
must be used across all the toolmarks in a working 
set. Computationally this alignment issue is called the 
registration problem and has been attacked by several 
authors.°?-® 

Recently, National Institute of Justice funding has 
been used to develop a commercial 3D bullet com- 
parison system based on confocal microscopy.***! The 
system, now incorporated into Forensic Technology, 
Inc.; IBIS BulletTRAX-3D°, partially circumvents the 
registration problem by computing a similarity score 
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between all possible orientations (with respect to land- 
engraved areas) of pairs of bullets. Unfortunately, due to 
the commercial nature of the product, all of the details 
of how the system functions are not available as the 
technology is proprietary, and furthermore, little has 
been published. 

Once tool and toolmark data have been collected, 
they can be perpetually stored in a standard database 
such as Oracle or mySQL. Issues certainly would arise 
as to the organization and categories required for the 
data to be stored. While significant attempts have been 
made at the construction and maintenance of such a 
database, much more research is needed in this direc- 
tion.*?°°*7 The issue of categories to include in the data- 
base becomes moot if the entire 3D scanned surface is 
stored (if disk space is no object, of course!). The entire 
surface or any feature from that surface can be included 
in the statistical pattern comparison procedure. We 
conclude this section by noting that once toolmark data 
have been recorded, the construction of feature vectors 
trivially follows by just assembling the desired features 
into a list. 


Some Common Data Preprocessing Methods 


For the sake of more completeness we now briefly men- 
tion some data preprocessing techniques. Note that many 
authors describe these methods not simply as prepro- 
cessing techniques, but as full-fledged statistical model- 
ing and discrimination techniques of complicated data. 
We use the adjective preprocessing not to diminish their 
value, but rather because, in and of themselves, they do 
not produce decision rules as we have defined them in 
this chapter. The results of the methods discussed in this 
section can be used with any of the statistical pattern 
comparison schemes we mention below. 

Principal component analysis (PCA) is a multivari- 
ate procedure that is used to reduce the dimensionality 
of a data set (X) to a new data set (Z,.) of derived vari- 
ables.*©°* The derived variables are linear combinations of 
the original variables 


or in matrix form 


7 c=XA,. 


where the superscript T is the transpose of A,.. In 
the context of toolmark analysis, X is a collection of 
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toolmark pattern feature vectors, x, These feature vec- 
tors are stacked on top of each other as rows. If each 
toolmark pattern contains p empirical measurements 
(ie., dim(x,) = p) and there are n total toolmark patterns, 
then X is an n X p matrix. 

Principal component analysis on a data matrix X 
simply rotates the coordinate axes of the data in feature 
space. Thus, the above equation is a transformation of 
the data (X) into the basis of principal components. The 
entire set of derived variables is equivalent to the origi- 
nal data (X). The new data set (Z,,.), however, orders the 
variables (columns) according to the amount of variance 
of the data set they contain, from highest to lowest. If the 
first few variables in Z,. contain a majority of the vari- 
ance, then the remaining variables can be deleted with a 
minimum loss of information contained in the data. The 
dimensionality of the data set is then effectively reduced 
to include only those variables that adequately represent 
the data. As a note of caution, while the information 
contained in the low variance variables of Z,. that are 
removed may not be important to the overall structure 
of the data, they may contain the derived features needed 
to discriminate between different samples. 

The matrix A,.contains the p principal components 
as rows and is computed by diagonalizing the p x p 
covariance matrix (S) of X: 


SA; =AjA. 


Standard eigenvector and eigenvalue routines can 
be used to determine the PCs A (the eigenvectors of S$) 
and their variances A (the eigenvalues of S). The ratio of 
eigenvalues 


P 
Ki ya A= diag(A1,44,...Ap) 


jal 


gives the proportion of variance explained by the ith 
principal component and is useful in selecting the num- 
ber of principal components required to adequately rep- 
resent the data. Note that PCA does not assume any prior 
grouping of the toolmark patterns into known groups. 
Canonical variate analysis (CVA; also called Fisher 
discriminant analysis, linear Fisher discriminant analy- 
sis, and linear discriminant analysis) seeks to characterize 
the ratio of between-group variance (B) to within-group 
variance (W).*®°®° Unlike PCA, canonical variate anal- 
ysis requires that different samples of toolmark patterns 
are labeled with their identity and fed into the algo- 
rithm as groups. These a priori labeled toolmark pattern 
samples serve as a training set in order to compute the 
canonical variates (CVs). Geometrically, the CVs define 


How Statistical Pattern Comparison Methods Can Be Applied to Toolmarks 93 


axes onto which the data are projected that best separate 
the samples into discrete clusters.4°® In p-dimensional 
space, K-1 canonical variates can be computed. However, 
CVA can also be used to reduce the dimensionality of the 
data by retaining only the first few CVs. Additionally, like 
PCA, CVA can be formulated as an eigenvector-eigen- 
value problem, with the magnitude of the eigenvalues 
providing a guide as to the number of CVs to be retained. 
The CVs, A,,, and their eigenvalues A., are computed by 
diagonalizing the matrix WB with 


k 
B= }'n(X;-X)®(Xi-X)" 


i=l 


and 


w= DSK, KK, -K". 


i=l j=l 


A standard inversion method is used to invert 
nonsingular W. X;, represents the jth toolmark pattern 
in the ith sample, and X; is the average of all the tool- 
mark patterns in the ith sample. Note that there are n; 
toolmark patterns in sample i. Because the eigenprob- 
lem for CVA 


W 'BAL=ALA, 


is not symmetric, its eigenvectors are not guaranteed 
to be orthogonal. Thus, unlike in PCA, the CVs are not 
necessarily at right angles to each other.** The data are 
then transformed to the basis of (retained) CVs as 


Z=XA'. 


Orthogonal canonical variate analysis (OCVA) 
seeks to find axes in p-dimensional feature space 
(defined by the data set) that maximize the ratio of 
between-group to within-group variance as in CVA.” 
OCVA, however, has the additional restriction that the 
axes it finds are orthogonal to each other as in PCA. 
Because of the added constraint, the OCVA procedure 
cannot be formulated as an eigenproblem. As prescribed 
by Krzanowski,” one must first form the equation of 
weighted variables, V, for the ith OCV: 


V =e; Be, /e; We; 


where e,, 


e; =(Vis V20-+Vp di 


is a vector of variables to be determined. Next, the 
Lagrangian 


Le, A=V— YAj(eFe;-V) 


jal 


is formed and maximized to determine the values of 
the variables in e, and Lagrange multipliers A;. A stan- 
dard maximization routine can be used to perform this 
optimization task. The resulting OCVs, e;, are collected 
(as rows) into the matrix A,.,. The above procedure is 
repeated for the desired number of OCVs. A total of 
K-1 OCVs can be computed; however, like the multi- 
variate methods described above, the goal is to reduce 
the dimensionality of the data. Like PCA and CVA, the 
OCVs can be ordered in increasing importance. The 
Lagrange multipliers serve this task in OCVA; however, 
they no longer represent variances as in PCA.” The data 
in X can then be transformed to the basis of (retained) 
OCVs as 


Z=XAl.. 


Classical Methods to Determine Statistical 
Decision Rules for Toolmark Analysis 


The classical methods of statistical pattern comparison 
determine decision rules using knowledge of the prob- 
ability mass functions, probability density functions, or 
probability distributions (all will be called probability 
functions for brevity).* The probability functions can 
have an assumed form that is dependent only on param- 
eters derived from the measured data. One of the most 
widely used parametric probability densities is the so- 
called bell curve (Figure 8.5): 


ees 
a mat =e 


Toolmark features, however, may not be distributed 
according to any known parametric probability density 
or mass function. In this case, one can try to fit the tool- 
mark feature data to a nonparametric probability den- 
sity, or simply use the probability mass function derived 
from frequencies of features. A popular scheme to fit 
nonparametric densities is the method of Prazen win- 
dows. The details of this method are straightforward but 
lengthy and will not be presented here. See Duda et al. or 
Theodoridis and Koutroumbas for more information.** 
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Figure 8.5 Graphical depiction of the bell curve or 
Gaussian density. The parameters of the Gaussian density 
are the data’s average, x, and standard deviation, s. For the 
above graph, x =Oands=1. 


As a note of caution, when using nonparametric densi- 
ties one must be aware that they suffer from the curse 
of dimensionality. This means that the amount of data 
required for an accurate nonparametric density increases 
exponentially with the dimension of the feature vectors 
used. This can be a severe drawback for their application 
to toolmark analysis if research ultimately shows that 
many features (i.e., dimensions) are required to charac- 
terize many or all types of toolmarks. 

A naive assumption for high-dimensional-pattern 
classification tasks that often works well in practice is 
that all components of the feature vector are statistically 
independent. This allows one to write a high-dimen- 
sional probability function simply as a product, e.g., 


dim(x) 


p(x|tool;)= | ] p(x; | tool;). 


i=l 


To our knowledge such an assumption or deviations 
from it have never been tested for toolmarks. This can 
be a very fruitful area of research. If it turns out that the 
assumption of feature vector component independence is 
bad, then the amount of data required for a robust pattern 
comparison study based on nonparametric method may 
be too prohibitive. Vast databases of tool surfaces may aid 
in the construction of high-dimensional nonparametric 
densities, and more research is needed in this direction. 

In an effort to circumvent the curse of dimensional- 
ity, Bachrach has developed a “similarity score”-based 
approach for the intercomparison of land-engraved 
areas found on fired bullets.*°*! This system computes 
a numerical similarity between vector profiles of bul- 
lets obtained from 3D digital photography. The simi- 
larity score is a complicated function of the profiles 
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but essentially relies on the angle between the profile 
vectors.*° Bachrach’s procedure produces one-dimen- 
sional data of similarity scores between pairs of bul- 
lets that can be used to plot histograms, which are then 
employed in various forms of classical hypothesis test- 
ing.*! Evidently this scheme has been incorporated into 
Forensic Technology’s IBIS system. 

Once probability functions of the toolmark fea- 
tures have been determined, statistical pattern com- 
parisons can then be carried out. Say we have a set 
of k tools capable of leaving impression or striation 
patterns, and we have constructed several prob- 
ability densities for features vectors of different tools, 
p(x|tool;). Decision rules enabling a tool’s identifica- 
tion are explicitly given by the values of feature vectors 
x for which p(x|tool;) = p(x|tool,) for all i,j = {1,..., k}. 
These implicit functions of x are obviously difficult to 
determine for all but the simplest probability densities. 
Instead, what is typically done in practice is to plug the 
feature vector from a toolmark into each p(x|tool,) and 
choose a tool identity that yields the largest value. This 
procedure is symbolically given as 


Choose tool, for: 
tool; 
arg max [ p(x ool) | 
Often the above equation is referred to as a decision rule. 
Even though it does not explicitly designate the intersec- 
tions between pdfs or probability distributions as a decision 
rule does (the way we have defined it), it accomplishes the 
same task. Pictorially this equation looks like Figure 8.6. 


The scheme Bachrach developed for the latest IBIS 
system evidently can work on this principle.*! Empirical 
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Figure 8.6 Pictorial display of the equation 


1. 
arg max| D(x ‘too i| 


for some measured feature of a toolmark. The red pdf is for 
the data generated by tool 1 and the blue curve for tool 2. 
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pdfs of a specific similarity metric are built using the 
best (matching) and second best (nonmatching) scores 
between bullets of various manufactures fired through 
various make and model barrels. This should allow the 
system to determine decision rules (Bachrach refers to 
them as “optimal thresholds”) as to whether or not a 
bullet is likely to have been fired through a particular 
barrel.*! Using this procedure, the system should also 
be capable of computing estimates of type I and type II 
errors familiar from classical hypothesis testing (cf. ref. 
Bachrach,*! Figure 8).747 

Since classical methods assume or construct a known 
conditional probability density p(x|tool,), discrimination 
of toolmarks can in principle exploit Bayes’ theorem: 


p(x | tool;)P(tool;) 


P(tool,; | x) = p(x) 


This formulation of Bayes’ theorem determines the a 
posteriori (subsequent) probability, P(tool,|x), that tool, 
is responsible for the toolmark encoded by the feature 
vector x. The term p(x), 


k 
p(x)= > p(x| tool, )P(tool,), 


i=l 


is usually referred to as the “evidence”? and is essentially 
a scale factor that guarantees that the sum ofallk a poste- 
riori probabilities is unity. P(tool;) is the a priori (prior) 
probability and represents the known information that 
out of all other tools in some predetermined population, 
tool; is responsible for the toolmark.”? Decision rules can 
reflect this prior knowledge (if available) via the Bayesian 
decision rule: 


ax [ P(tool; Ix) ]. 


arg m 

In words, this equation means: choose the identity 
of an unknown toolmark (encoded by the feature vec- 
tor x) as having been produced by tool, that yields the 
largest a posteriori probability. Using the same prob- 
ability densities shown in Figure 8.6, we can visual- 
ize the Bayesian decision rule for two tools with, say, 
P(tool,) = 0.3 and P(tool,) = 0.7 (ie., tool 1 has a known 
70% chance of having made the mark and tool 2 a 30% 
chance; cf. Figure 8.7). 

Notice how the decision regions have changed 
between Figures 8.6 and 8.7. Figure 8.7 implicitly 
assumes both a priori probabilities are 50%. As the 
a priori probabilities change with either the addition of 
new knowledge or better estimates, the decision regions 
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Figure 8.7 Pictorial display of the Bayesian decision rule 
x] 


for some measured feature of a toolmark. The red curve is 
for tool 1 and the blue curve for tool 2. 
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will change as well. For this reason it is crucial to have 
accurate and objective a priori probabilities when using 
Bayes’ theorem. This is also true of the probability densi- 
ties p(x|tool,). 

Bayesian decision rules are very powerful because 
they can be shown to yield the lowest probability of mak- 
ing an error of any decision rule.’ Unfortunately, a way in 
which to accurately and objectively determine the values 
of a priori probabilities, P(tool;), is not uniquely defined. 
Some applications of Bayes’ theorem in toolmark analysis 
have already been carried out.'*"* So far, these Bayesian 
statistics-based toolmark studies all involve one or more 
subjective estimates of terms used in Bayes’ theorem. We 
believe that since toolmark analysis has so often been 
criticized as overly subjective, our description of classical 
methods of statistical discrimination applied to toolmarks 
needs to remain objective; i.e., measured frequencies need 
to be used in the ultimate determination of probabilities. 
In the interests of minimizing bias and maximizing objec- 
tivity, a very large sample of tools and toolmarks should 
be employed for comparison studies using Bayes’ theorem 
and probability functions in general, if the conclusions are 
ultimately to be judged reliable by the courts. 

In order to facilitate pattern recognition tasks in 
practice, often common parametric probability densities 
are assumed.” As already mentioned, a popular para- 
metric probability density to assume is the Gaussian 
density.*° In multivariate form it is given as 


p(x)= 


A of eons aost | 
(Jan)""” Jdet(S) 2 2 
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where S is the covariance matrix and det(S) its determi- 
nant.*¢ The assumption of normally distributed toolmark 
data leads to the equations of linear classification analysis,** 
also often called linear discriminant analysis (LDA).°° The 
decision rule of LDA for k different tools is given as 


Choose tool; as the identity of toolmark x for: 


1 
—Te=i oe 
arg max x; $,;.X——(x; S,)xX; }+ P(tool;|x 
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Here S,, is a pooled covariance matrix of all the tool- 
marks of all the tools used for a particular study or 
in a database.** Note that including quadratic terms 
in the above decision rule, parabolic (as opposed to 
linear) decision rules may be computed.** Such a qua- 
dratic classification scheme also assumes the multivar- 
iate normal distribution of data and is often referred 
to as quadratic discriminant analysis (QDA).°° These 
approaches to classification are relatively robust for 
data deviations from normality and have found wide 
applications outside the field of toolmark analy- 
sis.>>©74-80 Whether or not these classifications meth- 
ods will work well for real-life toolmark examination 
casework remains to be seen. 


Postclassical Methods of Statistical Pattern 
Classification Toolmark Analysis 


Postclassical methods for statistical pattern comparisons 
do not use explicit knowledge of the underlying pdfs in 
order to determine decision rules. Instead, toolmark 
pattern data of known identity are used to compute deci- 
sion rules that map each toolmark to its assigned identity 
label. Thus, postclassical methods directly train decision 
rules to recognize the identity of a toolmark based on its 
features. The general functional form of decision rules 
can be linear or nonlinear, both having advantages and 
disadvantages.**° Nonlinear rules can be trained to rec- 
ognize very complicated toolmarks; however, they are 
difficult to compute and have little control over the pos- 
sibility of overfitting.*!>? Linear decision rules tend to 
be much easier to compute but can be much less flexible 
than their nonlinear relatives.*° 

Neural networks (NNs) are the dominant tech- 
nique used to compute nonlinear decision rules.** They 
experienced a period of rapid development during the 
late 1980s and early 1990s due to widespread interest in 
artificial intelligence and led to a plethora of available 
software. These methods have their roots in modeling of 
neural processes for biological systems. Our description 
of neural networks closely follows that of Bishop.® 
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A (supervised) NN identifies patterns via training. 
The toolmark examiner presents the NN feature vectors 
of various toolmark patterns as well as labels for their 
identity. The NN then learns decision rules to identify 
each pattern with an acceptable level of empirical risk 
(i.e., apparent error rate). The most common kind of NN, 
called a multilayer feed forward network, constructs 
nonlinear decision rules in the following way. First, K 
linear combinations of measured features, x, from tool- 


mark patterns x are constructed by guessing an initial 


Qa). 


set of weight coefficients w/;: 


P 
1 1 1 
Hl Si wll x ewhh 
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where j = {1,..., K} and p = dim(x). The cl! are the first 
set of activation coefficients and wi!) are a set of first- 
layer offset coefficients. K is the number of neurons 
or nodes (linear combinations) in the first layer of the 
network. The first-layer activation coefficients are then 


(1) 


transformed to a first set of output values, 0;’, 


differentiable activation function, a", 


using a 


1 1 1 
oll = allel!) 


that typically looks like a stretched-out letter s (e.g., sig- 
moid functions, hyperbolic tangent functions, etc.; cf. 
Figure 8.8). 

The reason activation functions are used to trans- 
form the activation coefficients is that they give approxi- 
mate 0, 1 responses, like a yes/no answer. These output 
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Figure 8.8 A sigmoid activation function for an arbitrary 
layer of neurons in a neural network. Note how the acti- 
vation function varies continuously from the range 0 to 
1. This behavior gives each neuron a continuous “on-off” 
switching-like ability. The continuity of the activation 
function is important in obtaining efficient algorithms for 
determination of the weights at each neuron. 
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values are themselves linearly transformed as they are 
passed to the second layer of L neurons: 


K 

[2] _ [2] ,1] (2) gL 

cj = ) wii 0; +wjo j=i{L....L} 
i=1 


producing the second-layer activation coefficients, c\’!, 


which are subsequently transformed by a second set of 
activation functions, al; 


(2] _ [2]/ [2] 
of =a(c;"). 


The process can continue through any number of lay- 
ers, each with a variable number of neurons, until desired 
output values are reached. The output values emerging 
from the final layer are the identity labels assigned by 
the neural network to the toolmark patterns. 

A neural network with Q layers and k neurons in 
the final layer constructs k decision rules essentially by 
building up k composite functions from Q nonlinear 
transformations of linear functions of the data. For a 
two-layer neural network constructed to describe k tool- 
mark patterns, the decision rules g are 


K P 

2 2 al 1 1 

g(x) = ql! Y wel q''! yl x; +wii 
jel i=l 


The trick to the functioning of NNs is to devise an effi- 
cient algorithm to determine the weight coefficients, w', 
at each level, R, for each neuron. Because the activation 
functions are differentiable, this can be done in a standard 
way with the so-called back propagation algorithm.*® 
Below is shown a plot of 2D features of two hypothetical 
tools (cf. Figure 8.9). The black line is a plot of the output 
decision rule from a two-layer neural network employing 
sigmoid activation functions. 

Thus far we know of only one application of neural 
network application to toolmarks (bullet striations).”* 
Clearly more studies are needed in this direction. 

A major drawback to the use of NNs is that forensic 
toolmark examiners may need to have expert knowledge 
to adjust various NN parameters in order to obtain reli- 
able performance.’ Also, NNs have little control over the 
possibility of overfitting the data they are trained with. 
Overfitting leads to a partially or totally nonfalsifiable 
set of decision rules, which is a dangerous prospect for 
forensic science applications. That said, estimated error 
rates for the identification of toolmarks that a NN has 
not been trained with can be computed using the error 
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Figure 8.9 Plot of hypothetical two-dimensional features 
from two toolmark patterns. The yellow dots are the 2D 
features made by tool 1 and the green dots are the 2D fea- 
tures made by tool 2. A two-layer neural network was used 
to generate the very nonlinear (and very overfit!) decision 
rule shown in black. 


rate methods detailed below. So far, this has not been 
done in forensic toolmark analysis. 

A state-of-the-art alternative to NNs that also tran- 
scends many of their problems is the support vector 
machine (SVM). Small sample sizes are inevitable for 
many statistical studies of toolmarks. Statistical learn- 
ing theory and its practical application, the SVM, were 
developed in response to the need for reliable statistical 
discriminations within small-sample studies. SVMs like 
NNs seek to determine decision rules in the absence of 
any knowledge of probability densities for the data. For 
pattern classification tasks, statistical learning theory 
prescribes minimizing the probability of misidentifica- 
tion (risk) by simultaneously minimizing empirical risk 
(based on the sampled data) and adjusting an appropri- 
ately chosen “regularization functional.”'?? This pro- 
cedure produces an algorithm that determines linear 
decision rules with maximum possible margins for error. 
In practical applications, the problem of determining the 
maximum margin classifier is formalized in terms of an 
optimization of a vector of Lagrange multipliers A:+° 


oe ya = LY Yaar kx »X;) 
i=l 


i=l j=l 


subject to 


98 


yy =0, yA =land 0<A; <C forall i= {l,...,n}. 
i=l i=l 


Given sample patterns of toolmarks made by two dif- 
ferent tools, this maximization procedure picks out tool- 
mark patterns x; that lie on the margin between the two 
samples. It is these special toolmark patterns that are the 
support vectors (SVs). The decision rule is given as®° 


j=l 
where the offset b is 


#(SVs) #(SVs) 


jel 


and the sums are taken only over the support vectors. 
Figure 8.10 shows a plot of 2D features made by two 
hypothetical tools. The black lines denote the edge of the 
maximum margin of separation between the two sets 
of features. The SV toolmark patterns are the fat points 
lying on the margin lines. These SVs are used to com- 
pute the blue decision rule lying directly in the middle 
of the margin. 

There are two drawbacks to the use of SVMs in 
toolmark analysis, one major and one minor. First is 
the (major) problem that the SVM methodology does 
not generalize nicely to the situation when more than 
two tools are involved. The “band-aid” solution, which 
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Figure 8.10 Two-dimensional features of toolmark pat- 
terns made by two hypothetical tools. The patterns of tool 
1 (purple) are separated from those of tool 2 (maroon) by the 
black lines defining the maximum margin. The fat points 
are the support vectors defining the maximum margin and 
the decision rule (the blue line). No other decision rule can 
be drawn in to separate these toolmark patterns by a wider 
margin than the one shown. 
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is also the most popular, because it tends to work well 
in practice, is to divide the toolmark patterns into two 
groups. That is, either compute SVs for only pairs of 
toolmark patterns at a time (one vs. one method) or 
choose one set of toolmark patterns to be tool 1 and the 
remaining patterns to be tool 2 in a round-robin fashion 
(one vs. all method). Both of these multigrouping meth- 
ods can lead to unclassifiable regions, and thus a vot- 
ing procedure must be employed.*+%*!8* While this is 
an acceptable situation for most industrial applications, 
it is a problem for forensic toolmark analysis because 
it makes methods for error rate estimation difficult to 
apply. More research is needed in this direction. Note 
that genuine multigroup SVM algorithms do exist but 
are not yet in widespread use.*”*? They may perhaps pro- 
vide an acceptable solution to this dilemma. 

The second problem encountered with SVMs actu- 
ally turns out to be quite amenable to solution. Note that 
the output SVM decision rules always have the form of a 
line. While it is difficult to change this fact, it turns out 
to be not difficult to bend and twist data space around 
so that toolmark patterns can (usually) be linearly sepa- 
rated. This is the basis of kernel tricks.*:** The kernel, 
k(x;,x;), is a generalization of the dot product between 
two vectors and essentially allows the computation of 
linear decision rules that perform well in highly nonlin- 
ear data spaces. 

Note that almost all kernels contain parameters that 
would need to be adjusted by the toolmark examiner for 
the study at hand.* Obviously the more knobs one has 
to adjust to use a method, the more likely errors will be 
made. To this end, methods for computing optimal ker- 
nels have recently become available with the advent of 
more efficient semidefinite programming (SDP) algo- 
rithms.®* SDP algorithms are generalizations of more 
common linear programming routines from operations 
research.*° Kernels are actually positive semidefinite 
matrices, and these new SDP algorithms can lead to 
very powerful yet easy-to-use SVMs. Forensic toolmark 
examination needs to be at the forefront of application 
of these new computational tools. 


Error Rate Analysis 


An error is defined as a misclassification of a toolmark 
by the examiner (human or machine). This occurs when 
the examiner does not identify the unknown toolmark 
as having been made by the suspect tool when indeed it 
had, or the examiner identifies the unknown toolmark 
as having been made by the suspect tool when indeed it 
had not. Methods to assess the rate at which a statisti- 
cal toolmark pattern comparison system makes errors 
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obviously cannot be overemphasized. Error rate analysis 
for toolmarks, however, is a daunting task for numerous 
reasons. In general, copious amounts of exemplars need 
be examined and their feature data recorded. Hatcher et 
al. notes that no examiner can hope to examine all but 
a tiny fraction of firearms alone.*” Also, there is not a 
general way in which to carry out error rate analysis for 
pattern comparisons. 

In order to begin to address this problem, we will 
give an overview of a few methods that can be applied 
to compute approximate error rates. Note, however, that 
the schemes presented need to be validated with a great 
deal of research in the future. Because it is familiar to 
the forensic science community at large, we start with 
a summary of how error rates are computed for DNA 
profiling and attempt to make some analogies with tool- 
mark pattern comparisons. 

Error rates for DNA profiling are generally referred 
to as random match probabilities (RMPs). These val- 
ues are actually very simple to calculate with available 
data. To begin, fifteen loci have been selected by experts 
as being highly variable areas on DNA for short tan- 
dem repeats (STRs) of two to six base pairs that repeat 
their sequence multiple times.!° Each STR is an allele. 
The measured feature data consist of the frequencies 
at which particular STR alleles occur at these loci. For 
example, Butler et al. found that allele 8 (i.e., an STR 
of eight repeats) occurred at the locus THO1 in 8.4% of 
their U.S. Caucasian sample (cf. Butler et al.,** Table 1, 
column 3, line 4). Two alleles occur at every locus and 
are assumed to sort independently at meiosis. The logi- 
cal result of this is the Hardy-Weinberg and linkage 
equilibria, which imply that the probabilities of occur- 
rence for particular STR alleles at various loci are statis- 
tically independent (i.e., like rolling two unconnected, 
fair dice). Independent probabilities can be multiplied, 
so considering a large sample of the U.S. Caucasian 
population, the probability that at locus THO1 allele 
8 (8.4%) and allele 9.3 (36.8%) occur together is 3.1% 
(0.084 x 0.368; cf. Butler et al.,8° Table 1, column 3, 
lines 4 and 7). Repeating this process for twelve more 
loci yields vanishingly small probabilities for particular 
combinations of STR alleles at those loci; i.e., the prob- 
ability that any two unrelated people have the same par- 
ticular DNA profiles is virtually zero. This, of course, is 
all based on the assumption of statistical independence 
of the assortment of genes.'° 

Two problems come into play if one attempts to 
directly extend this DNA profiling philosophy to tool- 
marks. The first is whether or not arbitrary toolmark 
features are statistically independent. Statistical inde- 
pendence is a strong mathematical property that stipu- 
lates that the features are not only linearly uncorrelated, 


but also nonlinearly uncorrelated.’)*° That is, for two 
statistically independent features x and y from the same 
toolmark, 


Cov] (x), 0(y)] =0 for any function 6, 


and thus 


p(x y)= p(x)ply). 


Above, Cov is the covariance that is directly related to 
correlation.*©* It is likely that many, if not most, fea- 
tures present in an arbitrary toolmark are statistically 
independent, but then again many may not be. To be 
rigorous, statistical independence of features must be 
theoretically proven or empirically demonstrated on a 
large relevant data set. In DNA profiling, independence 
is tested for by computing frequencies of genotypes at 
loci using observed allelic frequencies at those loci and 
comparing this list to a list of frequencies of the same 
genotypes drawn from a database.!° The y?-test is used to 
make the comparison, and if no statistically significant 
difference is computed, the alleles are certified as being 
statistically independent. 

Note that if toolmark features are normally distrib- 
uted and their covariance is zero, then they are statisti- 
cally independent.*® Proving normality of features is not 
so easy, however, because one needs a great deal of data 
to construct the density function empirically at a high 
level of reliability.* If normality can be established, 
then vanishing covariance (i.e., the features are uncor- 
related) is easy to take care of with a method like princi- 
pal component analysis.®** This is, in fact, the approach 
Kennedy et al. took in establishing that bare footprints 
are essentially unique.”””' In a very well-constructed and 
rigorous study, this group of researchers digitized over 
nine hundred bare footprints and extracted various one- 
dimensional features (distances, angles, etc., between 
landmarks on the foot). They then used these data to 
show that each feature followed the normal distribution, 
and thus could be transformed to an uncorrelated and 
therefore statistically independent set of new variables. 
They then used the sample variance (i.e., estimated 
population variance) and intrapersonal variance of each 
new variable as parameters to compute a random match 
probability for that variable. Since each new variable is 
statistically independent of all others, they were able to 
multiply their random match probabilities together and 
found (not surprisingly) a vanishingly small joint ran- 
dom match probability for multiple features. 

The methods of Kennedy et al. could be directly 
applied to toolmarks if accurate one-dimensional 
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Gaussian pdfs of toolmark features can be constructed. 
This would necessitate the designation of well-defined 
landmarks and features (both subclass and individual) 
for various classes of toolmarks, which would be diffi- 
cult, but could be a broad and fertile area for research. 
Their methods could also be extended to multidimen- 
sional feature vectors and non-Gaussian pdfs. This is 
done by integrating the empirically derived pdf for a 
population of toolmark patterns from the same class of 
tools (or at least a very large sample) about some suitably 
chosen “chance match domain” D that contains the fea- 
ture vector or vectors of a toolmark of interest x: 


P(error|x)= } Y' p(x’ tool, ) dx’ with x, x’ €D. 
7 i=l 


Above, the pdf determined from empirical measure- 
ments is 


Y’ p(x’ tool, = p(x’). 


i=l 


The numerical output of this generally difficult 
procedure is the probability of finding another ran- 
dom toolmark in a population lying in the same patch 
of feature space as the toolmark of interest. The chance 
match domain should be large enough to account for a 
reasonable amount of variation within features for the 
toolmark of interest. Note that choosing the chance 
match domain will be difficult for high-dimensional 
non-Gaussian pdfs because the advantage of visualiza- 
tion of how the feature data spread out in space is lost. 

In the case of one-dimensional features (i.e., points) 
and a Gaussian pdf, a reasonably sized domain is typi- 
cally taken to be one or two standard deviations about a 
measurement, x, and the above formula simplifies to”! 


1 aes (x’-x,) 
P(error = —| exp| —-—"— | dx’ 
| ‘ [2TS x-OS; 7 2s; 


with o € {1,2}. 


Above, & is the desired number of standard deviations, 
s; is the mean feature found in the sample of toolmarks 
made by the same tool (ie., number of intrasample 
standard deviations), x, is the estimated population 
mean, and s, is its estimated standard deviation. The 
chance match domain, D, is [x - as;, x + Os; ], and hope- 
fully s; << s,. This random match probability formula is 
graphically represented by the shaded area in the graph 
shown in Figure 8.11. 
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Estimated pdf for feature, x for 
entire population of toolmarks 


Shaded area = P(error|x) 


Figure 8.11 Hypothetical Gaussian probability density 
function for a one-dimensional feature measured from a set 
of toolmarks. The green star marks the location of a specific 
value, x*, for the feature measured from a specific tool. The 
red line spans two intrasample standard deviations, s,, for 
the feature measured from that same tool, and is centered 
about x* {i.e., @ = 1). The blue shaded area represents the 
probability that another random tool could have left a fea- 
ture the same as or within two intrasample standard devia- 
tions of x*. s, is the estimated population variance. 


Again, if the features x are Gaussian distributed and 
are transformed to an uncorrelated set of new variables, 
z, then the above random match probabilities, P(error|z), 
are statistically independent and can be multiplied 
together for different features to form a joint random 
match probability, which will likely be very small.*°*8! 
Note, however, that probabilities for different feature 
vectors cannot be multiplied unless they are statistically 
independent. While uncorrelated Gaussian distributed 
features are also statistically independent, this is gener- 
ally not true for other distributions. 

While it is true that one cannot simply multiply 
probabilities of statistically dependent toolmark fea- 
tures to form a joint random match probability, it may 
be possible to use a technique called independent compo- 
nent analysis to transform the features into a new set of 
approximately independent variables.*? Probability den- 
sity functions could then be constructed for this new set 
of approximately independent variables and approximate 
random match probabilities could be computed. To our 
knowledge this route has never been explored and could 
yield groundbreaking results. Again, the drawback here 
would be collecting enough toolmark feature data across 
enough tools to build accurate and reliable pdfs. 

As for statistically dependent toolmark features, a 
newly developing area of statistics may be able to help. 
Copula methods take one-dimensional probability den- 
sity functions of systems with multiple random vari- 
ables (i.e., marginal densities) and “glue” them together 
into a joint probability distribution using what is called 
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a copula function.” One-dimensional densities are 
advantageous to work with because they do not suffer 
from the curse of dimensionality and are thus much 
easier to accurately measure. Also, copulas contain 
adjustable parameters that allow one to study the sta- 
tistical dependence between the variables that make up 
the joint distribution. If one-dimensional features that 
occur with regular enough frequency to be measured 
accurately can be identified, then copula methods can 
be tried in order to build joint probability distributions 
with adjustable degrees of statistical dependence. The 
dependence parameters could be fit from observed joint 
frequencies recorded in a database. Also, by varying the 
amount of dependence, best- and worst-case random 
match probability plots can be made. Such plots could 
be helpful to a jury in assessing the reliability of random 
match probabilities for toolmarks. 

Note that it may be difficult to apply this type of 
error analysis to toolmarks (i.e., computing random 
match probabilities from pdfs) because there are no 
well-defined loci or landmarks for inter-tool-mark 
comparisons. Also, multidimensional probability den- 
sities are difficult to construct, and there is no reason 
to expect that toolmark features follow normal distri- 
butions. Next, consider that allelic frequencies at the 
assorted designated STR loci are in the range of 10%. 
For toolmarks, there is no reason to expect a particular 
feature at a point on a set of toolmarks occurs enough 
times to measure a frequency. That is, of course, if the 
feature is not a subclass characteristic. Even if the fea- 
ture is a subclass characteristic, it probably will not be 
found in a set of tools of the same class enough times 
to accurately and reliably estimate its frequency. In 
other words, it is difficult to measure the probability of 
the rare events that characterize features of toolmarks! 
Much more research is needed in this direction. 

If the probability functions for a toolmark compari- 
son problem are not known or impossible to obtain, all 
is certainly not lost. In fact, for most applications of sta- 
tistical pattern recognition to real-world problems, the 
underlying probability densities or distributions are not 
known. Still, however, estimates of error rates are needed. 
In order to address this fact, empirical estimates of error 
rates can be computed. The simplest method to empiri- 
cally estimate the error rate is resubstitution.”*? This is 
simply the application of the computed classification 
rules to the set of data used to derive them. The percent- 
age of misclassifications via the resubstitution method is 
called the apparent error rate and is simply the empirical 
risk, R,,,)- This is a biased estimate and tends to be overly 
optimistic and should be corrected. The first and simplest 
correction is called hold-one-out cross-validation.** This 
method computes the decision rules using all but one of 
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the toolmark patterns in the data set. Let x be the held-out 
toolmark pattern with true identity y, and let gho!tou'*(x) 
denote the identity of x assigned by the hold-one-out deci- 
sion rules. Misclassifications are assigned a 1 and correct 
classifications a 0. Symbolically this is written as 


1-6 


Vo9(x)? 


where the Kronecker delta denotes 


if y=g(x) 
if y4#g(x)* 


1 

5 yglx) = { 0 

The hold-one-out procedure is repeated for each 

toolmark pattern in the data set and the results are aver- 
aged to compute an estimated error rate:*4 


>) 1- 5. ghold— —out—: Xi (x;) 


If c toolmark patterns are held out, the resulting error 
rate is called c-fold cross-validation. Another error rate 
estimate that typically performs better than cross-vali- 
dation is the bootstrap.***° First a set of B bootstrap data, 
X*, are generated by randomly selecting (with replace- 
ment) n toolmark pattern feature vectors from the origi- 
nal data set, X. Note that each bootstrap data set contains 
the same number of elements (toolmark pattern feature 
vectors) as the original data set; thus, some patterns may 
be repeated. The decision rules are recomputed for each 
bootstrap sample (g*) and an average error rate is com- 
puted using them on the original data:** 


Die Batted 


as well as the bootstrapped data used to compute them: 


poo CV _ 


re data __ 


rr? data _ 


ass e€X* }( (i- 8y,, sites) 


Above, #{x;€ X*} means the number of times toolmark 
pattern x, occurs in the bootstrapped data set X*. The 
difference between these two averages is called the boot- 
strap estimated optimism.***° Averaging together these 
optimisms gives the expected bootstrap estimated 
optimism 0°: 


A ret = 


all- data _ boot data 
> Err; Tj , 
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which is then added to the apparent error rate to obtain 
the final error estimate: 


boot “ boot 
Err" = Remp +O". 
The jackknife error rate 
jack A jack 
Err? = Remp + @! 


is another estimate, which typically yields values 
between the bootstrap and cross-validation estimates. 
The expected jackknife estimated optimism, w“, is 
computed as*4 


n 
a 1 > 
jack __ > _ 
@ = i 1 5, _ghold-out—xj (x;) 
i=l] 


1 n n 
7 ) ) 1- 5, ghold-out-xi,) > 


i=l j=l 


where the first sum is just the hold-one-out cross-val- 
idation error estimate. The jackknife error rate is usu- 
ally closer in value to the cross-validation estimate. 
Evidently the expected jackknife estimated optimism 
is a quadratic approximation to the expected bootstrap 
estimated optimism, and thus all three methods for 
error rate estimation (cross-validation, bootstrap, and 
jackknife) are related.** 

Most modern statistical pattern comparison algo- 
rithms can only produce predictions of pattern iden- 
tity; they cannot give an indication of how reliable those 
predictions are. Error rate bounds for many modern 
machine learning methods do exist; however, they tend 
to be very conservative and in practice can only give an 
indication of how well one particular algorithm is per- 
forming with respect to another.*!9°+°%°7 Clearly this 
is of little or no use to a jury. Recently, a method that 
gives confidence levels to identification of unknown 
patterns has arisen from the study of algorithmic ran- 
domness. This method, called conformal prediction, 
can be applied to any statistical pattern comparison 
algorithm and holds a great deal of potential if applied 
to toolmark analysis.** Prediction regions produced 
by conformal prediction can give a judge or jury an 
easy-to-understand measure of reliability for toolmark 
pattern identification because the method yields both 
confidence and credibility values on a scale of 0 to 
100%. A reliable identification should have both high 
confidence and credibility. 

The way the method works is actually very sim- 
ple.***? Given a training set of toolmark patterns with 
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known identities (called a bag) and at least one toolmark 
pattern of unknown identity, an estimate of randomness 
is computed for the bags containing the unknown tool- 
mark with all possible labels for its identity. The toolmark 
identity is assigned by the bag with the highest estimated 
randomness. The higher the estimated randomness of 
the bag, the less likely the toolmark in question with the 
identity assigned is an outlier.** The only assumption is 
that the toolmark patterns of the training set are drawn 
independently from the same, but unknown, probability 
distribution. 

The measure of randomness is arbitrary, but no 
matter what the choice is, valid predictions of concrete 
confidence levels are produced. Randomness of the bag 
is tested in a way analogous to what is done in tradi- 
tional hypothesis testing.”!”?°* The null hypothesis is 
that unknown toolmark pattern x with assigned identity 
label y (i.e., the pair (x, y)) belongs in the bag and does not 
significantly decrease the bag’s randomness. The alterna- 
tive hypothesis is that the pair (x, y) does not belong in 
the bag, and thus y must be a different label than the one 
assigned. Randomness estimates of the bags are com- 
puted as p-values, and the null hypothesis is accepted 
at the & x 100% level (a, the level of significance, is a 
number between 0 and 1) if p > a.°* Note that the null 
hypothesis can be accepted for multiple labelings of the 
toolmark’s identity. In such cases the identity assign- 
ment (i.e., the prediction region) at the (1 - a) x 100% 
confidence level is ambiguous. Hopefully the prediction 
region will contain only one label with a p-value B 0.5, 
meaning that the conformal prediction algorithm has 
produced a prediction region with only one label and a 
confidence level of at least 95%. 

Prediction regions for toolmark pattern identi- 
ties can be thought of as generalizations of confidence 
intervals known from textbook hypothesis testing. 
Traditionally confidence intervals are computed for 
population parameters (e.g., a sample average) to give 
an indication of regions where their true values may 
fall. Technically, the Neyman-Pearson interpretation 
of (1 - &) x 100% confidence interval for an estimated 
population parameter constructed from a random sam- 
ple of a given sample size will contain the true popu- 
lation parameter (1 - a) x 100% of the time.”4’2? The 
parameter © is called the level of significance and is 
the probability that any given confidence interval con- 
structed from a random sample will not contain the 
true population mean. Note that a 1- © confidence 
interval for a prediction region does not mean that there 
is a (1 - &) x 100% chance that the true identity of the 
toolmark falls within the region. Rather, it means that 
(1-a@) x 100% of the prediction regions computed 
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from random samples drawn from the same population 
contain the true identity of the toolmark. 

The major advantages of conformal prediction is that 
there is no assumption about the structure of the under- 
lying population distribution (for traditional hypothesis 
testing the underlying population distribution must be 
known or assumed), it can be applied to the results of 
any known statistical pattern comparison algorithm so 
long as there are sufficient data, and it is a simple idea to 
implement and interpret. 


Results of a Pilot Study on 
Screwdriver Striation Patterns 


In order to assess the feasibility of employing the math- 
ematical machinery described in this chapter to realistic 
toolmark identification, we performed a pilot study to 
identify striation patterns of standard slotted screwdriv- 
ers. Several high-quality, quarter-inch slotted screw- 
drivers were purchased at a local hardware store. The 
screwdrivers were brand new and came in packages 
of three. Figure 8.12 displays nine of the screwdrivers 
obtained. 

The first six screwdrivers were used to generate mul- 
tiple reproducible striation pattern standards. Modeling 
clay was used as the impression medium. Figure 8.13 
illustrates the process. Further details of standards gener- 
ation for striation patterns are available in Petraco et al.°! 
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Figure 8.12 Nine quarter-inch standard slotted screw- 
drivers purchased for pilot study. 
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The striation patterns made by each of the six screw- 
drivers were digitally photographed under the stereo- 
microscope, and the positions/widths of several of the 
striations (lines/grooves) were measured with a stage 
micrometer. Striation line/groove data were recorded for 
only one side of each screwdriver. The total numbers of 
patterns recorded for each of the screwdrivers were as fol- 
lows: screwdriver 1, 8 striation patterns; screwdriver 2, 
6 striation patterns; screwdriver 3, 9 striation patterns; 
screwdriver 4, 8 striation patterns; screwdriver 5, 9 stria- 
tion patterns; and screwdriver 6, 9 striation patterns; total: 
49 striation patterns. 

The photographs of all the striation patterns were 
cropped and stacked for each screwdriver. Striation posi- 
tions/widths for one pattern from each screwdriver were 
calibrated with the stage micrometer. The calibrated 
patterns were used to calibrate the image processing 
program ImageJ.'°° Distances of each line or grove from 
the left edge of each striation pattern were measured to 
the nearest 0.05 mm. For each of the patterns a list of 140 
“boxes” long (7 X 0.05 mm) is created. A 1 is recorded 
in a box if a line/grove is present or spans the box, and 
a 0 otherwise. This procedure yields a 140-dimensional 
binary feature vector for each pattern that is reminiscent 
of a bar code (cf. Figure 8.14). 
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Figure 8.13 Process to generate striation pattern stan- 
dards. As one can see from the figure, screwdriver 1 was 
used to make nine striation pattern standards. 


Figure 8.14 Graphical representations of feature vectors 
for two striation patterns. On the left, screwdriver # and, 
on the right, screwdriver #3. 
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Note from the stack of striation patterns in 
Figure 8.13 (rightmost picture in the figure) that some 
of the patterns require alignment (registration). 

Principal component analysis was used to reduce the 
data’s dimension to 3D for visualization purposes (51% 
of data’s variance retained) and 24D to give a 95% vari- 
ance representation of the data. Using LDA for classifi- 
cation of the striation patterns, the 3D PCA data set had 
a hold-one-out error rate of 8%, while the 24D PCA data 
set had a hold-one-out error rate of only 2%. Figures 8.14 
and 8.15 show alternative views of the 3D PCA data set. 
Note that these plots represent the striation line/groove 
data for all six screwdrivers, projected from 140D space 


Figure 8.15 3D PCA plot of striation patterns from all 
six screwdrivers. This plot accounts for 51% of the data’s 
variance. The numbers labeling each point represent the 
screwdriver number of the striation pattern. 


x-axis 


Figure 8.16 Alternative view of 3D PCA plot shown in 
Figure 8.15. 
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to 3D space. In order to do this projection, 48% of the 
data’s variance (i.e., structure) needed to be discarded. 
Despite this large loss of information, Figures 8.15 and 
8.16 clearly show that most of the striation patterns are 
distinguishable between screwdrivers. The closest sets 
were screwdrivers 1, 3, and 6, but remember, we have 
thrown out 48% of the information in this data set to 
make a 3D picture. In 24D space these striation patterns 
are likely much farther apart, as inferred from the low 
hold-one-out error rate. 

Finally, conformal prediction theory using a linear 
three-nearest-neighbor classification rule was used to 
classify the PCA reduced data and obtain confidence 
levels and credibility measures for the results. For the 
3D PCA data, the classification confidence level was 
98%; however, three multilabel confidence intervals 
were obtained. 
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Common Hand Tools Seen in Casework 


A significant form of physical evidence often recovered in 
the investigation of all types of criminal acts is toolmarks, 
which can help identify the tool or tools employed in the 
commission of the crime. The identified tool might be the 
device used to break into a premise during a burglary, or 
it may be the weapon used in an assault or homicide. 

The identity of the tool is normally deduced by a 
thorough examination of the scratches, marks, imprints, 
outlines, or impressions that the questioned tool has left 
on the outer surface of an object or individual. 

Toolmarks are placed into four classes according to 
how they are produced: 


1. Scratch marks such as those made by lock picks, 
knives, saws, and files when they are repeatedly 
applied to the same surface 

2. Impression marks such as those left by pliers, 
wrenches, seals, and hammers when they are 
applied to a softer material’s surface 

3. Outlines or contours such as those left by a beer 
can opener, awl, and ream when used to punch 
metal surfaces 

4, Any combination marks, comprised of impres- 
sions or shaped outlines and scratches such as 
those made by drill bits, punches, chisels, crow- 
bars, and screwdrivers, as well as those pro- 
duced by the improper use of any tool 


The variety of hand tools available today that are 
capable of producing all three classes of toolmarks is 
staggering. This fact can make the toolmark examiner’s 
primary task seem daunting: to either eliminate a par- 
ticular tool as not having made the questioned toolmark 
or demonstrate that a particular tool did make the ques- 
tioned toolmark to the exclusion ofall others. The author 
believes that a thorough working knowledge of common 
hand tools, how they work, and their nomenclature is 
essential to make examiners’ challenging charge some- 
what easier. To this end, Part 2 of this text will attempt 
to cover the hand tools commonly encountered in tool- 
mark casework. The first class of tools to be discussed 
will be the levers or prying tools commonly known as 
jimmies in law enforcement. This category of hand tools 
includes screwdrivers, crowbars, and pry bars. ‘The first 
to be discussed will be screwdrivers. 


Levers 


Screwdrivers 


Arguably the most common hand tool available to 
the general public is the screwdriver. A screwdriver 
is an assembly tool that tightens and loosens screws. 
Screwdrivers contain a handle with a grip on one end 
attached to a round or square blade with a tip on the 
other end that corresponds to the head on the screw type 
it is designed to fasten. Screwdrivers are inexpensive 
and available to most individuals; these two facts would 
account for the ubiquitous encountering of screwdriv- 
ers in crimes scenes involving breaking and entering, 
ie., burglaries. A DNA study conducted at the NYCPD 
Forensic Investigation Division of unsolved burglaries 
showed that screwdrivers are also used as weapons to 
assault, stab, injure, and kill. 

The screwdriver is a device designed for the tight- 
ening of screws. Screwdrivers are mechanical devices 
that enable one to fasten, by hand, pieces of materials 
together with screws. This is accomplished by placing 
the driver’s tip into a screw slot and rotating the device 
in a clockwise or counterclockwise direction to either 
tighten or loosen the screw. Screwdrivers are designed 
and manufactured with various shaped handles and 
blades or slot-shaped tips. The most common tips are the 
slotted, Phillips’, Robertson, Torx’, hex, and clutch. Each 
tip design is intended for a specific purpose. Figure 9.1 
shows two familiar screwdrivers with their parts and 
nomenclature, while Figure 9.2 depicts the most com- 
mon tip shapes in use today. 


Square shank 


Handle Shank Tip 


V | or blade 


Round shank 


Figure 9.1 Shown are two common screwdrivers with 
their various parts and nomenclature. The standard screw- 
driver, which has a handle or head, square or round shaft 
and tip on the end. 
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The standard slot screwdriver has a flattened, wedge- 
shaped tip with a round or square shaft that ranges in 
length from 2 to 16 in. The Phillips type screwdrivers 
are typically used by sheet metal workers and tin smiths. 
The Phillips screwdriver has a round shaft and a tip with 
four simple slots or grooves forming a cross-shaped 
point. Five normal sizes of Phillips screwdrivers are the 
#0 to #4, with #2 being the most used (see Figure 9.4). 
Standard slotted and Phillips screwdrivers are typically 
used by metal smiths, carpenters, and electricians (see 
Figures 9.3 and 9.4). 

Screwdrivers designed for specialized industrial appli- 
cations are generally available to anyone on the Internet. 
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Figure 9.2 Impressions in sculpting clay of the various 
screwdriver tip types available in most hardware or tool 
stores. Many tip or blade shapes are available for specific 


applications. 


Looking down 


Figure 9.3 A standard slot screwdriver, close-up enlarge- 
ments of the slot or blade impressions of the tip made in 
No. 2 Roma Plastilina sculpting clay. 
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Figure 9.4 (a) The Phillips screwdriver has a round shaft 
and a tip with four simple slots cut into a cross-shaped 
point. Close-up impressions of the Phillips head tip made 
in No. 2 Roma Plastilina sculpting clay is shown along 
with an enlargement of the Phillips tip. (b) The Phillips 
screwdriver marks on human skin. 
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Square tip, hex tip, clutch head, Pozidriv’, and Torx are 
just a few of the types of screwdrivers made for use in the 
security, aerospace, electronic, appliance, and automo- 
tive industries. Allen or hex (hexagonal) tips are used in 
repair work in the electronics field, particularly in radio 
and television repair. They are used to tighten socket-set 
screws and usually come in sets. Hex keys are tools used 
to drive screws and bolts that have a hexagonal-shaped 
socket in their head. When used in combination with 
screwdrivers, hex-shaped tips are typically encountered 
with multibit interchangeable-tip screwdrivers. Examples 
of some of the specialty screwdriver tip configurations 
and their overall appearance are seen in Figures 9.2 and 
9.5 to 9.7. An awl used to punch holes into tough materials 
such as leather is shown in Figure 9.8, while a mechanical 
handheld screwdriver is depicted in Figure 9.9. 

If a screwdriver’s tip is too big or too small for the 
screw it is being applied to, the screw’s head and screw- 
driver’s tip can be easily damaged. Additionally, screw- 
drivers are often misused as a pry bar or chisel. The use 
of over- or undersized tips and the misuse of a screw- 
driver can often cause damage to a tool. This damage 


Figure 9.5 Torx is a type of screw head characterized by a 
six-point, star-shaped pattern. A variant of the Torx screw 
head is the Torx plus, an impression of which can be seen 
at the top right of this figure. Torx screws are commonly 
found on automobiles, computer systems, and consumer 
electronics, and are also becoming increasingly popular in 
construction. Close-up impressions of the Torx tip made in 
No. 2 Roma Plastilina sculpting clay are shown along with 
an enlargement of the Torx tip. 


113 


can help one determine the manner in which the screw- 
driver was used by an intruder or burglar. 

In casework involving the need to prepare known 
standard toolmark striation patterns, the known screw- 
driver’s blade is placed at the desired angle to the surface 
of the chosen test material—sheet of lead, block of clay, 
sheet or block of wax, wood. Each side of the blade work- 
ing surface is scraped along the surface of the test material 
as shown in Figure 9.10. The amount of pressure exerted 
on the screwdriver depends on the desired depth of the 
resulting toolmark, which will usually vary from case to 
case. This process is repeated for each side of the blade. At 
least three reproducible standards must be made for each 
of the tip’s or blade’s working surfaces before they are 
usable as known standards. This is essential because one 
cannot possibly determine if a questioned toolmark was 
produced by a known tool if one cannot make reproduc- 
ible standards with that tool. The use of tool jigs to hold 
the subject tool while preparing known standards, as first 


Figure 9.6 A Robertson screwdriver (also called a square 
drive screwdriver) is a type of screwdriver with a square- 
shaped tip. These screwdrivers are used mainly in Canada, 
but are growing in popularity around the world, because 
they are one of the most reliable screwdrivers. Close-up 
impressions of the square tip made in No. 2 Roma Plastilina 
sculpting clay are shown along with an enlargement of the 
Robertson tip. 
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Figure 9.7 Clutch-head tips have four points of contact. 
They lock into the screw head when turned counterclock- 
wise. The driver is unlocked by turning it in the opposite 
direction. Because of the many contact points, the tip will 
normally not damage the screw’s head. Close-up impressions 
of the clutch tip made in No. 2 Roma Plastilina sculpting 
clay are shown along with an enlargement of the clutch tip. 


Figure 9.8 An awl for punching holes. Awls produce tool- 
marks that are very similar to ice pick marks. 
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suggested by Burd and Kirk, can sometimes be helpful.’ 
In Figure 9.11 a Graver’s sharpening jig is employed to 
hold the subject tool at the desired angle while the known 
toolmarks are being prepared. Figure 9.12 depicts three 
“Husky” % in. slot blade screwdrivers purchased from the 
same store, on the same day, from the same rack. Each of 
these screwdrivers was used to prepare known striation 
pattern standards for use in a pending research project, as 
seen in Figure 9.13. 

Finally, Figure 9.14 depicts a small tack puller having 
a screwdriver-like handle and shaft. The blade is shaped 
like a pry bar end or small, bifurcated claw. This device 
is normally employed to remove small nails and tacks. 
However, it is appropriate to present this device prior to 


Oversize handle 


Twist ratchet 


Figure 9.9 Mechanical screwdriver. 


Gently draw blade along 
clay’s surface 


Figure 9.10 One process that can be used to prepare stria- 
tion patterns with screwdrivers and other scraping tools. 
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a discussion of pry bars and crowbars because it can also 
be utilized as a prying tool. 


Crowbars/Pry Bars 


A crowbar, also called pry bar, or more informally 
known in law enforcement for nearly a century as a 
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Figure 9.11 Use of a Graver’s sharpening jig to hold the 
subject tool at the desired angles during the preparation of 
known standards. 
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Knowns made in Plastilina No.2 
with Husky screwdrivers (HSD) 


Figure 9.13 Standard striation patterns made in No. 2 
Plastilina sculpting clay of both sides of the three screw- 
drivers depicted in Figure 9.12. The striation pattern for 
each side of each screwdriver is reproduced at least ten 
times before it is eligible to be used in the author’s research 
study. Note that each striation pattern is different for each 
side of the three study screwdrivers. To date the author has 
prepared and examined both striation patterns for fifty 4 
in. slot screwdrivers and has yet to observe the same pat- 
tern for any two sides. Further study and statistical analy- 
sis are currently under way. 
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Figure 9.12 Three new Husky '4 in. slot blade screwdrivers purchased from the same store on the same day from the 


same rack. 
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Figure 9.14 A tack puller with a screwdriver’s handle 
and shaft. The blade is shaped like a pry bar end or small, 
bifurcated claw. This device is use to remove small nails 
and tacks. 


Pinch bar 


Crow bar 


Figure 9.15 Classic crowbars and some of their marks. 


Molding bar 


Figure 9.16 A Roughneck® pry bar; the numbers about the 
tool correspond to the numbered toolmarks made on clay. 
The Adobe® spotlight effects command was used to light 
up toolmarks #2 on the clay block (bottom right). 
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jimmy,' is a tool consisting of a metal bar with one 
curved end and one flattened end, often with small 
clefts on the ends for removing nails. A crowbar or pry 
bar is a type of tool used to pry and pull objects apart, 
take out nails, and for general demolition purposes. 
Crowbars and pry bars can be found in most construc- 
tion tool kits because they can be used in a wide variety 
of applications. Crowbars and pry bars come in a num- 
ber of different sizes and weights, depending on how 
the tool will be used, and some construction workers 
have more than one style so that they can use the right 
tool for the job. 

Crowbars as construction tools date back to the 
1400s, when the tool was known as a crow. The name 
of the tool referenced directly to the forked end of the 
crowbar, which resembles the foot of a crow. In the mid 
1700s, the tool came to be known as a crowbar, presum- 
ably to eliminate confusion between the animal and the 
construction tool. In the 1800s, the terms crow-bar and 
crowbar began to emerge.’ 

There are several varieties of crowbars, but the basic 
shape is a long, heavy metal bar with one end shaped 
like a wedge, while the other end is slightly forked or 
split. The wedge end can be squeezed under various 
objects while the bar is used as a lever to separate them, 
and the forked end can be used to pull out nails. Some 
crowbars are curved at the forked end to provide more 
leverage; this type of crowbar is known as a wrecking 
bar because it is designed for demolition. Pry bars just 
tend to be smaller versions of their cousin crowbars, and 
thus are used in lighter applications. 

Crowbars are typically used to force heavy doors or 
windows open. Since these tools are used to demolish 
heavy wood and metal objects, it is not unusual to find 
large impression marks in combination with scratches 
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Figure 9.17 Nail puller with the resultant toolmarks. 
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and other telltale damage and scars left on the items with 
which they interact. Often these marks can be used to help 
quickly characterize the class of tool used in the event, 
as well as to associate a known tool to the questioned 
marks. A variety of crowbars and pry bars are shown in 
Figures 9.15 to 9.22. Figures 9.23 to 9.26 demonstrate the 
appearance of trace debris on a screwdriver’s and pry 
bar’s blade, along with some common toolmarks made 
by these tools, as well as how to determine the direction 
a tool was applied to a surface. Figure 9.25 is a close-up 
of a scratch on the door lock plate showing the start- 
ing and termination points along with the direction the 
tool was applied to the plate’s surface. Figure 9.26a and 
b depicts crowbar marks on wooden doors and frames, 
and metal lock parts. 


Handsaws 


Crosscut Saw 


The crosscut saw is made to cut wood across its grain. 
Crosscut saws have teeth that cut wood at a right angle 


Figure 9.18 Three nail pullers. Note the obvious differ- 
ence in the finish of designated claws due to the finishing 
process (grinding). All six claws on these tools have differ- 
ent shapes and striation patterns. 
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Figure 9.19 Ultimate® wrecking bar. 


Figure 9.20 Wrecking bar with some class marks demon- 
strated in clay. 


Figure 9.21 Wrecking bar. 
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to the direction of the wood grain. Crosscut saws nor- 
mally have six to ten triangular-shaped teeth per inch, 
each with two knife-blade-like edges on both sides of 
each tooth. The teeth are set far apart and parallel to 
one another. A typical blade length is 26 in., although 


Pry Bar 


Flexible 


Figure 9.22 A pry bar and its common toolmarks in clay. 
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they can vary from 20 to 28 in. long. A crosscut saw cuts 
on both the downstroke and upstroke. Several styles of 
crosscut saws are depicted in Figures 9.27 to 9.32. 

Crosscut saws have fine teeth, usually numbering 
between fourteen and eighteen per inch. The blade of a 
backsaw or miter saw is thin—hence the need for the 
top metal support to stiffen the blade. The average blade 
length is between 12 and 14 in. The teeth are set similarly 
to those of a crosscut saw, and they are normally used 
to make fine cuts across the grain of interior moldings 
(see Figure 9.32). Figures 9.33 and 9.34 depict toolmarks 
made in human bone by a crosscut saw blade. 


Rip Saw 


Rip saws are used to cut along the grain of a piece of 
wood. Rip saws have fewer teeth than crosscut saws, typi- 
cally having five to seven per inch set, and a blade length 
between 20 and 28 in. long. Unlike the crosscut saw, rip 
saws have chisel-like teeth; each tooth has a flat front edge 
and it is not angled forward or backward, which allows 
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Figure 9.23 Pry bar and screwdriver with trace material (brass shavings) on their blades. 
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Figure 9.24 Brass trace on pry bar examined with other trace evidence to determine if this pry was used in this event. 
Scratch marks on the lock cover plate were examined and the direction of the tool’s application is reconstructed (see 


Figure 9.25). 


the saw to easily cut along grain lines, in order to achieve compass saw blade is typically 12 in. long, tapers to a 
a straight cut. Figure 9.35 depicts a rip saw. point, and has eight teeth per inch. Its shape allows 
it to be used to cut inside curves, holes, and keyholes 


Miscellaneous Handsaws Figure 9.36). 


(when a small blade is used) readily into lumber (see 


The compass or keyhole saw is used to saw inside curves Coping saws are very versatile handsaws and are 
and to cut holes or keyholes into pieces of lumber. A _ typically utilized to cut complex, asymmetric shapes in 
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wood. A coping saw’s blade is mounted with its teeth 
facing the handle, which causes it to cut on the down- 
ward stroke. The kerf produced by a coping saw’s blade 
is narrow. A coping saw is depicted in Figure 9.37. 

A drywall saw has a short blade (7 in.) with large 
teeth for cutting through paper facings, backings, and 
the gypsum core. Some types of drywall saws have a 
pointed end on the saw blade that allows them to pierce 
sheets of drywall and cut openings in panels of sheet- 
rock. A drywall saw is depicted in Figure 9.38. 
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Figure 9.25 Close-up of a scratch on the door lock plate 
showing the starting and termination points along with 
the direction the tool was applied to the plate’s surface. 
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Standard hacksaws utilize blades with fine teeth 
that are placed under tension when mounted in a rect- 
angular-shaped frame. Hacksaw frames have a set of 
prongs for attaching the blade to the frame. A wing nut 


Toolmarks inside 


Figure 9.26 The appearance of common toolmarks caused 
by a crowbar on metal lock and door frame components. 
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Figure 9.27 Crosscut saws normally have six to ten teeth (points) per inch, each with two knife-blade-like edges on both 
sides of each tooth. A crosscut saw cuts on both the downstroke and upstroke, and across the wood’s grain. A popular 
blade length is 26 inches, although the blades’s length can vary from 20 to 28 inches. 
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screw is then turned to place the blade under tension. 
When properly mounted, a hacksaw blade’s teeth point 
toward its handle. Blades are available in standardized 
lengths, with typically eighteen to thirty-two teeth per 
inch (tpi). Blades with 28 tpi are normally used to cut 
copper pipe, while blades with 24 tpi are recommended 


Figure 9.28 Bow saw. The kerf is the width of the channel 
or notch the saw’s blade makes when used to cut materials 
such as wood, bone, and so on. 
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Figure 9.29 Crosscut-shaped teeth with knife edges on 
teeth 2, 3, and 5 facing the reader, and teeth 1, 3, and 6 fac- 
ing the opposite side of the saw blade. 
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Figure 9.30 Coarse cut saw with twelve teeth per inch 
on the blade’s front portion, and nine teeth per inch on the 
back portion of the 14 in. blade. Gullets are positioned for 
waste (sawdust) to escape. 
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for general use. Figures 9.39 to 9.41 show a hacksaw and 
its nomenclature, three standard hacksaw blades, and 
different blade sets. 


Striking Tools 


Hammers, Hatchets, and Axes 


Claw hammers are used to drive nails and remove nails. 
There are several types of claw hammers; the curved 
claw and the straight claw are the most common. Some 
claw hammers have smooth faces, while other models 
have checkered pattern faces to minimize slipping (see 
Figures 9.42 to 9.44). 

Ball-peen and cross-peen hammers are commonly 
used in all-purpose metal work and for working with 
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Figure 9.31 Crosscut saw with twelve teeth per inch on 
the blade’s front portion, and nine teeth per inch on the 
back portion of the 14 in. blade. Gullets are positioned for 
waste (sawdust) to escape. The blade has alternating teeth, 
with one set facing the right side and one facing the left 
side, parallel to each other. Each tooth has two knife sharp 
cutting edges on adjacent sides. 
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Figure 9.32 Backsaw with twelve teeth per inch on the 
blade’s front portion, and nine teeth per inch on the back 
portion of the 14 in. blade. Gullets are positioned for waste 
(sawdust) to escape. The blade has alternating teeth, with 
one set facing the right side and one facing the left side, par- 
allel to each other. Each tooth has two knife sharp cutting 
edges on adjacent sides. The backsaw or miter saw is a tool 
used to make accurate crosscuts. 
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Figure 9.34 Close-up and side view of crosscut saw marks. 


Figure 9.35 Rip saws are used to cut along the grain of 

a piece of wood. Rip saws have fewer teeth than crosscut 

saws, typically having five to seven teeth per inch set, and 
Deep Cut Coping Saw a blade length between 20 and 28 in. long. Unlike the cross- 
cut saw, rip saws have chisel-like teeth, each tooth has a 
flat front edge, and it is not angled forward or backward, 
which allows the saw to easily cut along grain lines, in 
order to achieve a straight cut. 
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Figure 9.37 Coping saw. Figure 9.36 Compass or keyhole saw. 
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_ Wallboard Saw 


Figure 9.38 Drywall or sheetrock saw. 


Hacksaw 


Figure 9.39 A typical hacksaw with its component parts: 
a bow-shaped adjustable frame, a pistol grip, and two prongs 
to hold the blade, with one prong incorporating a wing nut 
mechanism to place the blade under tension. 
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Figure 9.40 Three standard hacksaw blades. 


123 


One tooth set (bent) left, one tooth set right, the next tooth not set (NS) 
L L 


UWE NSU NSE DP tote ee 


VPA haga 


Several adjacent teeth set in one direction, then an equal number of teeth 
Haclkeavablades set in the opposite direction 


Figure 9.41 Three hacksaw blades with 18, 24, and 32 tpi. 
The top blade’s teeth have a rake set and the bottom blade’s 
teeth have a wavy set. 
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Figure 9.42 A common carpentry curved claw hammer 
with typical toolmarks in wood and wax. 
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Figure 9.43 Two claw hammers, one straight and one 
curved. 
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striking chisels and punches. They are available in a 
large variety of weights, from 1 oz. to 30 oz. The ball- 
peen hammer’s face is flat and the peen rounded, while 
(law Iamniex face : the cross peen hammer’s face is flat and the peen wedge 
shaped, designed for shaping metal (see Figures 9.45, 
9.46, and 9.50). 

The sledge hammer is designed for general heavy- 
duty applications like driving in large nails or spikes, 
breaking up concrete, and striking large cold chisels. 
Slug hammer heads are typically slightly convex, and the 
head can weigh from 1 to 5 lb (see Figures 9.47 to 9.49). 

Another type of sledge hammer, used by black- 
smiths, has a long handle, a large, flat face on one end, 
and a forming wedge on the other. Figure 9.50a depicts 
a common 4 Ib forming hammer, while Figure 9.50b 
shows two standard toolmarks made on a lead sheet. 

The mason’s hammer is made to cut and shape 
bricks, stones, and concrete blocks. It has a flat face on 
one end of the head and a tapered chisel-like edge on the 
other end, as depicted in Figure 9.51. 


Figure 9.44 Homicide of an adult male struck and killed 
with a claw hammer. Ball-Peen Hammer 


ae) 
eed 


Striking surface of hammer 


Angle 
of strike 


Striking face 


Soft wax 
(sculpt) 


10 Strikes reproduced 


Beveled 
striking face 


Ball-peen hammer 


fs oe aes —— 


Figure 9.46 Making ball-peen hammer standards with a 
Figure 9.45 Ball-peen hammer with wax standard. block of red sculpture wax. 
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Figure 9.49 Three 2'4 lb Stanley sledge hammers show- 
ing different striation patterns. These differences are due 
to the grinding during the finishing process. 


Forging Hammer Wedge shaped 


(Blacksmith) : 
== 


Figure 9.47 The sledge hammer is designed for general 
heavy-duty applications such as driving in large nails or 
spikes, breaking up concrete, and striking large cold chis- 4 Ib. 1.8 Kg 
els. Slug hammer heads typically are slightly convex. 
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Figure 9.48 Three 2!4 lb Stanley® sledge hammers pur- 
chased at a tool store off the shelf at the same time. Each 
was numbered (1-3), and each face was labeled (1A to 3F). 
All six faces were photographed to show their different 
striation patterns (see Figure 9.49). 


Figure 9.50 (a) Ablacksmith or forging hammer. (b) Standard 
toolmarks made in lead with a blacksmith hammer. 
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Mallets are normally employed when a softer blow 
is required. Mallets have various round and cylinder- 
shaped heads used for driving dowels, small stakes, and 
wooden-handled chisels, and for forming and shap- 
ing sheet metal. Their heads are typically constructed 
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Figure 9.51 A mason’s hammer is made to cut and shape 
bricks, stones, and concrete blocks. It has a flat face on one 
end of the head and a tapered chisel-like edge on the other 
end. Standard toolmarks are shown in clay. 
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Figure 9.52 (a) Four different types of mallets. (b) Meat 
mallet made of aluminum. 


Color Atlas of Forensic Toolmark Identification 


from a variety of hard woods, polymers, rubber, metal, 
and leather or rawhide. Several mallets are shown in 
Figure 9.52a and b. 

The axe is used to shape, carve, split, and cut wood, 
and as a weapon. An axe is wedge shaped and thus splits 
wood by the application of pressure concentrated at the 
blade. Its handle is a lever that allows its user to increase 
the force at the cutting edge. Cutting axes have a thin 
wedge angle, while axes used to split wood have a deeper 
angle. A hatchet typically is a small, single-edged blade 
that integrates a hammer on its opposite side. Examples 
of axes, mauls, hatchets, and the marks they make are 
given in Figures 9.53 to 9.57. Figure 9.58 depicts a setup 
often used by the author to make axe, hatchet, and ham- 
mer toolmark standards. 


Figure 9.53 An axe anda maul. 


Convex 


Figure 9.54 A hand axe. 
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Figure 9.56 A shingling hatchet is to drive the nails that 
hold shingles in place. The hatchet side of the tool can be 
used to mark the exposure on the shingle courses. 
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Figure 9.57 A drywall hammer. 
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Figure 9.59 A hammer stapler. 


Hammer stapler 


Figure 9.60 A hammer stapler used in a homicide. 
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The hammer stapler (Figure 9.59) is a tool used 
in construction to attach building paper and roofing 
felt to the underlayment wood surface. It is used with 
one hand, one would employ a hammer. It releases 
a staple when it is struck against the surface. This 
device is very efficient for affixing light-weight mate- 
rials to building surfaces. The staples can be selected 
in different lengths and gauges, from %4 to % in. long. 
Figure 9.60 shows the type of damage that can be 
made by a hammer staple on a human body. 


Grasping Tools 


Wrenches 


The pipe or Stillson wrench is used by plumbers to 
attach and take apart soft iron pipes. The size of pipe 
wrenches typically varies from 10 to 48 in. The pipe 


Stillson’s Wrench 
Pipe Wrench 


Figure 9.61 An 18 in. Stillson wrench. 


Figure 9.62 Application of a pipe wrench to an iron gas 
pipe. 
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wrench is an adjustable wrench used for turning soft 
iron pipes and pipe fittings with a rounded surface. 
The wrench’s adjustable jaw allows it to move back and 
forth in the frame, such that any forward pressure on 
the handle tends to pull the jaws tighter together. Teeth 
angled in the direction of turn dig into the soft pipe. 
The teeth contained within the jaws of a pipe wrench 
typically cut into the pipe to get a grip and thus leave 
toolmarks in the shape of the pipe’s teeth embedded 
into the pipe’s outer surface. Figures 9.61 to 9.66 illus- 
trate two types of pipe wrenches and some of the marks 
they can leave. 


Figure 9.63 Standard toolmarks made in lead by a Stillson 
wrench. 


Pipe wrench 


Figure 9.64 Modern pipe wrench. 
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Vise-Grips 


Vise-grips are pliers that can be locked into position. 
To use, the pliers’ jaws are set to a size slightly smaller 
than the diameter of the object to be gripped by turning 
the bolt in one handle with the jaws closed. When the 
jaws are opened and the handles squeezed together, they 
move a lever over its center point and lock the jaw of the 
pliers onto the gripped object. One side of the handle 
includes a bolt that is used to adjust the spacing of the 


| Cast iron pipe 


Figure 9.65 A pipe wrench’s tooth marks being prepared 
on a sheet of 2 in. lead, wrapped around a 1'/ in. cast iron 
pipe. Note the movement of the teeth (left to right) within 
the jaws when pressure is applied to the handle. 
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Figure 9.66 A pipe bomb with pipe wrench tooth marks 
designated with a blue arrow. 
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jaws; the other side of the handle usually includes a lever 
to push the two sides of the handles apart to unlock the 
pliers. The term vise-grip is an industry name for many 
different brands and types of locking pliers. These pliers 
are available in many different configurations, such as 
needle-nose locking pliers, locking wrenches, and lock- 
ing clamps, and various shapes to fix metal parts for 
welding. Several locking pliers are shown in Figures 9.67 
to 9.71. Figures 9.72 to 9.74 depict class features and indi- 
vidual features of a curve-jaw vise-grip made in lead and 
PVC pipe primer. 


Pliers 


Pliers are a class of hand tool used to grip and hold 
objects securely. Pliers are typically used to remove nuts 
from bolts; hold wood, plastic, or metal stock while cut- 
ting with a saw or knife; hold tubing or wire while bend- 
ing; and so on. Pliers are constructed of a pair of metal 
or polymer handles, each of which has a jaw fashioned 
at one end. The two handles are connected at a pivot 
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Figure 9.67 Curve jaw vise-grip with nomenclature and 
standard teeth marks made in lead. 
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Figure 9.68 Needle- or long-nose vise-grip with teeth 
marks made in lead. 
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point and act as levers allowing the opening and closing 
movement of the two opposing jaws. The assemblage of 
two handles, two opposing jaws, and a pivot point allows 
for the gripping and manipulating of objects. There are 


Hex Vise-Grip 
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grasping hex nuts 
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Figure 9.69 Hex nut vise-grip with teeth impressions in 
lead. 
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Figure 9.70 Locking C-clamp vise-grip with foot impres- 
sion in lead. 
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Figure 9.71 Locking C-clamp vise-grip with foot impres- 
sion in lead. 
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many types of pliers; some are designed for grasping 
objects and others for doing specific jobs. Figures 9.75 to 
9.81 depict a number of commonly encountered types of 
pliers and some of the toolmarks they can produce. 


Cutting Tools 


Metal Snips 


Metal snips are tools used to cut thin sheets of metal. 
Metal tin snips work like common scissors by cutting in 
a shearing action. They separate metal and other mate- 
rials by moving two sharp, angled, opposing blades in 
opposite directions (one descending and one ascending), 
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Figure 9.72 Curved jaw vise-grip with teeth impression 
in lead. 
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Figure 9.73 Curved jaw vise-grip with teeth impression 
in lead. 
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thus scoring and pushing the material apart as depicted 


in Figure 9.84. 


There are three styles of aviation snips in common 
use: straight cutting, left cutting, and right cutting. The 
straight-blade variety cut sheet metal in a straight line, 


Vise-Gr 


PVC pipe coated 
with PVC primer 


Figure 9.74 Curved jaw vise-grip with teeth impression 


in PVC pipe coated with PVC pipe primer. 


Figure 9.75 Common combination or slip-joint pliers. 
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Figure 9.76 A side cutting or linemen pliers. 
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left-cutting blades will cut in a tight curve to the left, 
and right-cutting blades will cut in a tight curve to the 
right. Figure 9.82 depicts all three cutting blade patterns: 
straight cut (yellow handles), left cut (red handles), and 
right cut (green handles). Aviation snips also come in a 
variety of blade patterns for cutting angles, long straight 
cuts, and unusual shapes. Bulldog or short-jaw aviation 
snips are shown in Figure 9.83; they are used to make 


Needle nose pliers 


Figure 9.77 Long-nose or needle-nose pliers with toolmark 
patterns in wax. The top sheet of wax is illuminated with 
reflected light, while the bottom wax sheet is illuminated 
at an oblique angle held underneath the sheet of wax. 
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Figure 9.78 An assortment of channel-lock pliers. 
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short cuts in thick metal sheets or sheets made of several 
layers of metal. Right angle and offset snips are designed 
to make 45 and 90 degree angle cuts in sheets of metal 
(see Figures 9.84 and 9.85). 

Another type of metal snip used by tin smiths to cut 
sheet metal is the duckbill snip, which is used to cuts 
curves, circles, and odd shapes in metal sheeting. These 
tools also cut metal and other materials by utilizing a 
shearing action (see Figures 9.86 and 9.87). An assort- 
ment of duckbill metal snips is shown in Figure 9.88. 
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Figure 9.79 Toolmarks made by curved jaw channel-lock 
pliers on a lead sheet wrapped around a 1 in. copper pipe. 


Groove-Lock Plier 


Push 


Jaw round 
hex flat 
square 


¢ 


Groove 
ratchetting 


Handle 


Figure 9.80 Groove-lock pliers with nomenclature. 
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Figure 9.81 Oil filter and water pliers. 
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All-purpose metal shears also have the same cutting 
action as metal snips. The cutting blades are typically 
straight and at least 2 in. long. These multipurpose 
shears are used to make angular, straight, and curved 
cuts in all types of materials. A pair of these shears is 
shown in Figure 9.89. 


Wire Cutters 


Wire cutters are pliers designed for the cutting of wire; 
they are not used to grasp, hold, or tighten anything. 
These implements are also referred to as diagonal cut- 
ters. Both cutting edges of each jaw are ground to an 


Straight cut 


Left cut 


Figure 9.82 Aviation snips with all three cutting blade 
patterns: straight cut (traditionally yellow handles}, left cut 
(traditionally red handles), and right cut (traditionally green 
handles). 
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Figure 9.83 Bulldog or short-jaw aviation snips are used 
to make short cuts in thick metal sheets and multiple lay- 
ers of metal. 
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angle, thus forming a wedge or shaped edge. Unlike 
scissors, which cut by a shearing action, the wire cut- 
ter’s jaws cut wire by scoring the wire on opposite sides, 
then wedging both sides of the wire apart. The action of 
wire cutters is illustrated in Figures 9.90 through 9.93. 


Figure 9.84 Right angle aviation snips make cuts in metal 
at a 90 degree angle. 
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Figure 9.85 Offset aviation snips make cuts in metal at a 
45 degree angle. 
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Figure 9.86 Duckbill metal snips being used to prepare a 
toolmark standard by cutting a '/ in. lead sheet. 
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Diagonal wire cutters are used for cutting copper, brass, 
iron, aluminum, and steel wire. 


Bolt and Cable Cutters 


Bolt and cable cutters are used for cutting bolts, lock 
shackles, chain links, fencing mesh wire, and thick-diam- 
eter solid and multistrand cables. Bolt and cable cutters 
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Figure 9.87 Oblique lighting being utilized to observe 
striations in lead sheet. 
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Figure 9.88 An assortment of tinner’s metal snips: offset, 
straight, and duckbill. 
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Figure 9.89 A pair of multipurpose shears used to make 
all types of cuts in a large variety of materials. 
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Figure 9.90 Diagonal-shaped jaws cut both ends of wire 
into wedge shapes. 


Aluminum wire 


TUTTLE 


Figure 9.91 End-cut wire cutters cut both ends of wire 
into wedge shapes. 
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Figure 9.92 Copper that was wire cut with a point-to- 
point wire cutter. 
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are normally made with long handles and short blades. 
Most types have compound hinges to maximize leverage 
and cutting strength. These tools can have different types 
of blades, including angular cutting blades, center cutting 
blades (point-to-point), clipper cutting blades, which have 
one angled sharp blade and one flat surface blade to cut 
against, and shearing cutting blades (scissors). Bolt and 
cable cutters typically range in length from 10 to 36 in.; 
however, many variations of these versatile tools are man- 
ufactured today. In Figure 9.94 a typical bolt cutter and 
its nomenclature are shown. Figure 9.95 depicts the cut- 
ting action of a center cutting blades (point-to-point) bolt 


Figure 9.93 Diagonal-shaped jaws cut both ends of wire 
into wedge shapes. Jaw sides Al and A2 score and then 
push metal upwards, whereas jaw sides A4 and A3 score 
and push metal downwards (top). Note the trace metal resi- 
due left on the cutting surface A3—A4 (bottom). 
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Figure 9.94 A common type of bolt cutter and its parts. 
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cutter. Shown in Figure 9.96 is a lock that was cut using 
a bolt cutter while open in a staged burglary. Figure 9.97a 
and b illustrates the cutting action of a shearing action 
cable cutter in which blade A pushes the metal in one 


Figure 9.95 The cutting action of a center cutting blades 
(point-to-point) bolt cutter is depicted. 
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direction while blade B pushes the metal in the opposite 
direction until the cable fatigues (C). Figure 9.98a and b 
portrays the working action of a specialized copper cable 
cutter. Figure 9.99a and b demonstrates another special- 
ized copper cable cutter with both a shearing action set of 
cutting blades and a set of clipper cutting blades. 


Crimping Tools 


Crimping tools join two pieces of metal by bending and 
stretching one or both pieces of metal in order to form 
a joint that will hold or affix them to each other. The 
joint that is produced is known as a crimp. Crimping is 
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Figure 9.96 A staged burglary in which the lock’s shackle 
was cut while opened with a shearing action bolt cutter. 


Figure 9.97 The shearing cutting action of a cable cutter blade (A) pushes the metal in one direction while blade B 
pushes the metal in the opposite direction until the cable fatigues (C). 
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used most often by metal smiths and metal duct work- 
ers. Figures 9.100 through 9.102 illustrate several crimp- 
ing tools. 


Knives, Scissors, and Shears 


Knives 


Knives are any sharp cutting edge or blade held in the 
hand or in some other manner, or otherwise used to 
cut wood, flesh, soft tissue, or some other pliable sub- 
stance. Knives can be made from any material that can 
hold a sharp edge. The first knives were made from 
obsidian, a naturally occurring igneous rock (volcanic 
glass), and flint, a form of mineral quartz having a fine 


Cable cutter 


(b) 


Figure 9.98 (a) A cable cutter designed to cut only copper 
cable. (b) The shearing action of two highly angled, very 
sharp, opposing blades to cut copper cable. 
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Figure 9.99 Copper cable cutter. (a) Shearing action set 
of blades. (b) Cutting action of clipper cutting blades. 
One side has a sharp, centered, pointed blade that cuts 
the cable, while a flat-surfaced blade holds it in place as 
force is applied to the lever action jaws by squeezing both 


handles. 


Multi-blade crimp 


Figure 9.100 A typical multiblade tool used to crimp 
metal together with cold joints without the need for weld- 
ing or soldering. 
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microcrystalline structure and formed as a sedimentary 
rock. Other early knives were made from pieces of cop- 
per metal, iron metal, or alloys such as bronze. 


Blade lock 


Pivot bolt 
Handles 


Multi-blade Crimp 


(a) 


(b) 


Figure 9.101 (a) The action of a crimping tool is demon- 
strated on a sheet of wax. (b) The action of a crimping tool 
is demonstrated on two sheets of metal. 


Electrical 
crimping/cutting tool 


Figure 9.102 A crimping and cutting tool used by 
electricians. 
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Modern knives have many forms but generally fall 
into one of two very large classifications: fixed-blade 
knives and folding knives. Knives typically have a blade 
with a sharp edge, and a handle needed to hold and 
manipulate the knife. The tip of a knife is generally the 
first third of the blade, while the point is at the end of the 
blade opposite the handle. The point is used for piercing. 


Point 


Handle 


Rivets 


Tang 


Figure 9.103 A typical kitchen knife and its major 
components. 
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Figure 9.104 (a) A serrated edge knife with its compo- 
nents. Several toolmarks made by this knife were prepared 
in Plastilina clay and wood. (b) The serrated knife was 
used to slice Plastilina clay to demonstrate its blade’s class 
characteristics. 
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The handle can include rivets to affix it to the blade, a 
tang or extension of the metal blade that is secured to 
the handle, a counterweight or bolster, and a guard that 
separates the blade from the handle. Several knives and 
their components are illustrated in Figures 9.103 to 9.108. 
Figures 9.109 and 9.110 depict some common knife tool- 
marks often seen on human remains. A common house- 
hold kitchen cleaver is seen in Figure 9.142. Much larger 
cleavers are used in the food preparation industry. Cleaver 
toolmarks often mimic those of hand axes. 


Scissors and Shears 


Scissors are a cutting tool used to cut paper, fabric, 
string, and other thin sheets of pliable material by 
hand. A pair of scissors denotes a single tool composed 


Handle 


Figure 9.105 A Bowie type knife with its components. 
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Figure 9.106 Top left: A common hunting knife and its 
components. Top right: A tear of black denim cloth ini- 
tially started with a small knife cut. Bottom left: A cut 
made by a stabbing motion into a piece of denim with a 
sharp knife. Bottom right: A piece of torn blue denim. 
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of two pieces of metal fashioned into blades with sharp 
edges joined together in a way that allows the sharp 
edges to slide back and forth against one another. 
Scissors are also commonly used to cut food items, 
and for personal hygiene (cutting hair, toenails, and 
fingernails). 

Scissors are made in a wide variety of forms depend- 
ing on their intended use. The term shears describes 
instruments that are similar in structure and purpose, 
but are larger than 6 in. An assortment of scissors is 
illustrated in Figure 9.111. Figure 9.112 depicts cuts made 
in fabric by two different pairs of scissors. 

Figure 9.113 depicts two pieces of wire examined 
during a homicide investigation. One end of the Q1 wire 
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Figure 9.107 A stiletto folding switchblade knife with a 
stab mark in clay and in a piece of denim. 
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Figure 9.108 A dagger with component parts, a stab mark, 
and a slice mark prepared in Plastilina clay. 
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Figure 9.109 Appearance of a large dagger type stab 
wound in a human body. 


Knife blade cut marks on 
human bone 
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Figure 9.110 Knife marks made on human bone. These 
marks can be easily cast with Mikrosil®. 
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removed from the victim’s neck at autopsy jigsawed into 
one end of the K1 piece of wire obtained from the sus- 
pect’s apartment during a warrant-authorized search. 
Both ends showed signs of being cut with a knife (never 
recovered). Figures 9.114 and 9.115 depict two case 
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Figure 9.112 On the left, a cut made in cloth with a pair 
of bent scissors. On the right, a cut made with a pair of 
poultry scissors. 
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Figure 9.113 A homicide by strangulation with the Ql 
piece of multistrand appliance wire. One end of the QI wire 
removed from the victim’s neck at autopsy jigsawed into the 
K1 piece of wire obtained from the suspect’s apartment. Both 
ends show signs of being cut with a knife (never recovered). 


Point 


Tip 


Butt Guard 


am Hole 

tes * Se 
bp we + oe a mn 
=. re &, oy « 
Ph PS Pe ee Lows 
Derevewye kc 4 

~~ 354 500 ® =) e:3 

pa ey ES ‘SE i x 
: SUSE «7 ; . 
¥ * ao 2 ae Ue As 
e BER E> | > 
: ae ae cee ewe 
q ave Y & 

lextile 5 0) app ara 

at » aa. ae 
RRSAee Sina eon & ' ¢ 

iS , 


Figure 9.114 A case involving the assault of a police offi- 
cer with a knife. Note the damage and hole in the Kevlar® 
vest’s insert holder made with the above knife, which bent 
on impact. 
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Figure 9.115 Pocketknife from suspect with blood and 
fibers from victim of an assault. 
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Figure 9.116 Assorted cuts and holes in denim. The yel- 
low spots indicate the illuminator’s position. 
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involving knives used during two different assaults. 
Both knives were damaged during the commission of 
the assaults, and the pocketknife in Figure 9.115 has 
blood and trace fibers from the victim on its blade. 

The appearance of damage caused to textiles by var- 
ious objects and weapons has been a topic of research 
for many years in the forensic community. Taupin has 
published a series of articles on textiles damage and 
its forensic significance; the articles are a great source 
of information on this topic.*’ Figure 9.116 illustrates 
marks made by cutting and stabbing denim with vari- 
ous implements. The interested reader is referred to the 
literature for a complete discussion of this topic. 


Chisels and Punches 


A chisel is a tool with a shaped cutting edge used to chip 
and cut stone, tiles, bricks, concrete, and other masonry 
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Figure 9.117 (a) Masonry chisels. (b) Characteristic chisel 
and punch marks made in modeling clay. 
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Figure 9.118 An assortment of common punches and 
chisels with their marks. 


Figure 9.119 Mason’s chisel used to break bricks, cinder 
blocks, and concrete. 
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materials, as well as cut, carve, gouge, sculpt, and shape 
wood. Chisels can be made from single pieces of cast 
or forged metal or metal blades fashioned with wood, 
polymer, or plastic handles. Chisels are used by striking 
the tops of their handles with a mallet or hammer, thus 
driving the chisel’s cutting edge into the material being 
worked. Figures 9.117 to 9.120 show a variety of chisels 
and some of their characteristic toolmarks. 


Figure 9.120 A wood chisel used to cut and shape lumber. 
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Figure 9.121 A common hand crank drill with its parts. 
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Figure 9.122 Five different 


nomenclature. 
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Drill Bits 


Drill bits are tools used to cut cylindrically shaped holes 
into blocks of metal, lumber, plastic, and many other 
materials. Drill bits are held in a tool called a drill. Two 
common hand drills are illustrated in Figures 9.121 and 
9.123. Drill bits are secured into a drill by means ofa chuck, 
which has jaws that, when tightened, hold the bit secure as 
the drill is caused to rotate by mechanical means. 

Today, a large variety of drill bits are manufactured. 
The geometric shape of a drill bit will determine how 
effective it is in producing holes. Several features, such 
as the drill’s twist or number of spirals per inch, point 
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Figure 9.123 A bit brace holds auger bits. 
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Figure 9.124 Five wood bits; the long auger bit is normally 
used with a brace, while the remaining four bits are used 
with electric drills. 


Common Hand Tools Seen in Casework 


angle, lip angle, length, and diameter, all affect its per- 
formance and efficiency. A selection of popular drill 
bits, their nomenclatures, geometric features, and the 
holes they cut are depicted in Figures 9.122 and 9.124 
to 9.132. 

Finally, the wounds of a woman killed by stabbing 
with a drill are seen in Figures 9.133 and 9.134. Chuck 
marks from the drill were found cut into the victim’s 
body and on a bathroom wall as blood patterns. The vic- 
tim’s hair and blood were also on the drill, chuck, bit 
holder, and screwdriver bit. Some less commonly seen 
tools are depicted in Figures 9.135 through 9.147. Figures 
9.148 and 9.149 illustrate a cataloged standards hand tool 
collection. 
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Figure 9.125 Four wood bits with standards made in hard 
wood. Adobe lighting effects in render menu used to look 
down into holes. 


Blue wax 


Figure 9.126 Self-taping spade bit with standards in wax. 


Adobe lighting effects in render menu used to look down 


into hole. 
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Figure 9.127 Twist split point drill bit with standard 
made in wax. Twist drill bit angles can vary from 118 to 
150 degrees. Shallower cutting angles are used to drill into 
harder materials such as steel. 


Pilot point® 
tip 


Figure 9.128 Pilot drill bit; the tip starts a pilot hole in 
the material being cut. 


144 Color Atlas of Forensic Toolmark Identification 


Figure 9.129 Countersink bits cut holes into material in 
order that screws and bolts can sit flush with or below the 
surface of a finished piece. 


74 


Figure 9.131 An electric drill auger bit with standard 
holes drilled in wax and scarf or waste shavings of wax 
shown on the tip of the blade. 
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Figure 9.130 Forstner bits cut very precise flat-bottom 
holes in wood and other soft materials. Some Forstner bits 
have teeth on their cutting rims. Adobe lighting effects in 


Figure 9.132 Hole saw. Used for cutting holes in doors for 
render menu used to look down into hole. 


lock cylinders and/or door knob apparatus. 
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Chuck marks 


Figure 9.133 Chuck marks and drill bit holder marks on 
homicide victim. Figure 9.134 Chuck marks found on the victim’s body 


and chuck mark blood patterns found on the bathroom 
wall. Victim’s blood and hair found on drill bit. 


Pick mark widths as measured with a calibrated 
stereo ocular micrometer 


Assortment of Lock Picks 
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Figure 9.135 (a) Lock picks are made of thin, hardened steel, and they come in a large array of tip shapes. (b) A lock pin 
displaying pick marks indicating the lock cylinder it was removed from was picked. 
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(800)953-3274 
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Figure 9.136 (a) Fence pliers are a multifacetted tool designed to do most tasks involved in putting up fences. They 
can be used as a wire or cable cutter; a hammer to drive nails; or pliers to grasp, bend, and shape wire or remove nails 
or staples; to make holes with the spiked end; and many other tasks involved in fence repair and construction. They are 
shown here cutting thick wire. (b) Several possible toolmarks made in wood and on metal wire by fence pliers. 
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Figure 9.137 Glass scored by a glass cutter, sometimes 


seen in staged and real burglaries. = 
* Point 


Figure 9.139 An awl with sharp cutting edges that enable 
it to be used to make holes in metal, wood, and other, larger 
materials. Several toolmarks made by an awl are displayed 
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Figure 9.138 Several common files and a rasp with their 
nomenclature. 
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Cleaver 
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Figure 9.142 A cleaver, with its nomenclature, is often 
used in violent assaults. It makes toolmarks in skin and 
bone similar to those made by an axe. 
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Figure 9.140 Common wire stripper used to cut various 
gauges of wire, as well as, crimp, and remove the insulation 


from electrical wires. 
Slot screw driver 
Can openers 


Leatherman Multi-tool 


Figure 9.143 A Leatherman is a multi-tool capable of 
making many different types of toolmarks. This tool is 
becoming a favorite for criminals because of its small size 
and versatility. 
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Figure 9.144 (a) Taps and dies used to make thread screws 
and bolts, as well as thread holes in metal, plastics, and 
other materials. 


@ Enlargement 


(b) 


Figure 9.141 (a) A plant pruner sometimes used to cut fin- 
gers to remove valuable rings. (b) Fracture made by a pruner 
on thin, dried bone. 
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Thread Nomenclature 
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Figure 9.144 (b) Thread and tape nomenclature. 
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Figure 9.147 Robo grasping wrench, one of many kinds 
out there. 


Figure 9.145 Various size gimlets are usedto make small % ® 
holes in wood. 
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Figure 9.148 A pipe wrench with its catalogue number. 


Figure 9.146 Small type of hacksaw, with its nomencla- 
ture, used to cut metal. 
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Figure 9.148 A collection of standard hand tools. Each tool is catalogued and numbered. 
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Forensic Ioolmark Identification 


In the wake of the Daubert ruling, the use of forensic toolmark evidence in court has been problematic, in that the 
conclusions of forensic scientists as to toolmark origin often lack scientifically sound statistical proof. In the Color 
Atlas of Forensic Toolmark Identification, noted forensic expert Nicholas Petraco helps move toolmark examination 
from an art to a science. The first part of the book contains an anthology of tried and true methods, procedures, 
and traditional techniques used by practitioners of this discipline for over a century. It contains rationales and 
methodologies for casework, discussion of the use of new materials and techniques for preparation of known standards, 
and the application of various methods of statistical proof to further establish toolmark examination as a sound 
scientific endeavor. The second section contains a compilation of commonly used hand tools and the marks they 


typically produce. 


Provides clear instruction on how to: 
¢ Use lenses and microscopes to view images of toolmarks 


e Make accurate and precise measurements of tools on macroscopic and microscopic scales 
¢ Properly photograph toolmark evidence 
¢ Compare a subject tool with the questioned toolmarks to determine toolmark origin 


Examines marks made by a range of tools, including: 


¢ Screwdrivers 

° Crowbars and prybars 
¢ Handsaws 

e Hammers 

e Hatchets and axes 

e Wrenches 

° Vise grips 

° Pliers 

e Wire cutters 

° Metal snips 

° Crimping tools 

¢ Knives and scissors 
° Chisels and punches 
© Drill bits 


More than 400 color photos enhance the text, and numerous case studies describe evidence found and conclusions 
drawn from the evidence. This unique atlas empowers law enforcement professionals to capture the evidence they 


need to solve the case. 
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